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Abstract
Polymer electrolyte membrane fuel cells (PEMFCs) have been attracted significant
attention due to their high energy efficiency. The electrocatalyst is one of the most
important parts. However, state-of-the-art electrocatalysts suffer from several challenges,
including 1) low stability under harsh working conditions; 2) low atomic utilization
efficiency, especially for noble metals. This thesis, therefore, focuses on the design of
highly efficient and stable electrocatalysts from nanoparticles down to single atoms using
atomic layer deposition (ALD) and further understand the insight mechanisms.
Firstly, Pt nanoparticles are selectively deposited on the TiO2 modified N-doped carbon
nanotubes. The strong metal-support interactions between Pt and TiO2 enhances both the
catalytic activity and stability in the oxygen reduction reaction (ORR).
Further, to promote the electronic property of the surface Pt, a surface engineering strategy
using Nb single atoms has been developed. The deposition of Nb single atoms is found to
promote both the activity and stability of Pt catalysts in the ORR.
Furthermore, to achieve the maximum atomic utilization efficiency, a high-loading Pt
single-atom catalyst (SAC) is successfully achieved using N-doped carbon nanosheets as
support. The nature of Pt1 atoms under electrochemical hydrogen evolution reaction (HER)
is investigated using operando X-ray absorption spectroscopy (XAS).
Finally, the Fe, Co, and Ni SACs are achieved using the pre-located Pt single atoms. The
Co and Ni SACs are found to be active in the HER and oxygen evolution reaction,
respectively. Moreover, the nature of several types of single atoms under HER is
investigated using operando XAS.
In summary, the discoveries in this thesis provide important guidance to achieve
electrocatalysts with low cost, high activity, and high stability.
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Summary for Lay Audience
With the rapid consumption of fossil fuels and increasing environmental concerns such as
air contamination and global warming, the development of eco-friendly and highly
efficient energy conversion technologies using clean and sustainable energy sources is
highly desired. Polymer electrolyte membrane fuel cells (PEMFCs), a highly efficient
energy conversion device that uses alternative chemicals as the fuel source to produce
electricity with only heat and non-toxic byproducts have attracted significant attention.
The electrocatalyst that is one of the most important components in PEMFCs suffers from
key challenges which limited their practical applications, such as 1) low stability under
harsh working conditions; 2) low atomic utilization efficiency, especially for noble metals.
This thesis mainly focuses on addressing these challenges on the design of highly efficient
electrocatalysts through atomic layer deposition (ALD), as well as the understanding of the
reaction mechanism.
A stable Pt electrocatalyst under oxygen reduction reaction (ORR) is first developed. The
Pt nanoparticles (NPs) were selectively deposited on the TiO2 after the decoration of Ndoped carbon nanotubes by ALD. The strong metal-support interactions between Pt and
TiO2 enhances both the catalytic activity and stability.
Further, a surface engineering strategy on Pt NPs using Nb single atoms has been
developed through ALD. The deposition of Nb single atoms on Pt NPs is found to promote
both the activity and stability of Pt catalysts in the ORR.
Furthermore, to achieve the maximum atomic utilization efficiency, a high-loading Pt
single-atom catalyst (SAC) is successfully achieved using N-doped carbon nanosheets as
support. The Pt SAC exhibits high catalytic performance in electrochemical hydrogen
evolution reaction (HER) and the nature of active sites under HER was also investigated.
Finally, Fe, Co, and Ni SACs can be achieved using the pre-located Pt single atoms. The
achieved Co and Ni SACs show high catalytic performance in HER and oxygen evolution
reaction, respectively. The nature of active sites under HER was also investigated.
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In summary, the discoveries in this thesis provide important guidance to achieve
electrocatalysts with low cost, high activity, and high stability.
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Chapter 1

1

Introduction to this thesis

1.1 Electrocatalysts for energy conversion applications
With the rapid consumption of fossil fuels, using sustainable and replaceable energy
sources is in urgent need. More importantly, the way using traditional fuel sources will
cause environmental issues such as air pollution and global warming. Therefore, perusing
clean energy sources and conversion technologies are critically important.
Among the energy conversion devices, Polymer electrolyte membrane fuel cells
(PEMFCs) show their advantages1. PEMFC is a clean energy conversion device using
alternative chemicals (H2, formic acid, menthol…) as the energy source to produce
electricity with only heat and non-toxic byproducts2, 3. The electrocatalyst on both anode
and cathode sides in PEMFCs is one of the most important components. Compared with
the electrochemical reaction that occurs on the anode (hydrogen oxidation: 2H2 → 4H+ +
4e-), the oxygen reduction reaction (ORR) on the cathode is much more challenging, as it
is very sluggish and has a high kinetic energy barrier4. Under acidic solution, there are
normally 4e- and 2e- paths for ORR. For 4e- path, the overall reaction is O2 + 4H+ + 4e- →
2H2O; while the 2e- path is to selectively achieve H2O2 through O2 + 2H+ + 2e- → H2O2.
To note that the 4e- pathway is the most desired5 6-8.
Besides that, the source of H2 and O2 can also be produced through the electrochemical
reactions through the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) with the help of electrocatalysts3, 9, 10. HER is a half-reaction for water splitting at
the cathode side. In acidic electrolyte, the two steps involve: (1) H+ + e- + * → H* (Volmer
mechanism, * denotes the active site); (2) H* + H+ + e- → H2 or 2H* → H2 (Heyrovsky or
Tafel mechanism). A criterion to predict the performance of catalysts used in HER is the
adsorption free energy of H* (ΔGH*). If the absolute value of ΔGH* is close to zero,
indicating the high HER performance of catalysts. Another half-reaction of water splitting
is OER. However, compare with HER, the OER is very sluggish, which needs a very high
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overpotential to be catalyzed. In the alkaline electrolyte, the overall reaction is 4OH- → O2
+ 2H2O + 4e-, which involves O-H bond cleavage and O-O bond formation.
The key factor to catalyze the electrochemical reactions is to find suitable catalysts which
should have good catalytic performance and a relatively low expense for practical
applications. However, there are serval issues for achieving robust electrocatalysts:
a)

Low stability

In practical applications, the electrocatalysts often work under harsh working conditions,
e.g., low pH value, high humidity, and high voltage. Under these working environments,
metal aggregation, detachment, and Ostwald ripening occur on electrocatalysts, leading to
the loss of active sites and deactivation. Moreover, carbon-based materials are widely used
as supports due to their high conductivity. But the corrosion of carbon also happens under
high working potentials. Therefore, the low stability of electrocatalysts is one of the biggest
challenges to be addressed.
b)

Low atomic utilization efficiency of metals and high cost of noble metals for

practice applications
In the traditional electrocatalysts, the metal species are displayed in the formation of
nanoparticles (NPs). However, these electrochemical reactions are surface-sensitive
reactions, only the surface atoms of the NPs participate in the reaction, and most of the
metal atoms in the bulk are wasted. As a result, the atomic utilization efficiency is sharply
limited, which could cause increasing expense, especially for noble metals.

1.2 Atomic layer deposition for designing highly active and
stable electrocatalysts
Atomic layer deposition (ALD), a thin film deposition technique, which relies on the binary
surface reaction mechanism11, 12. Unlike the normal vapor deposition, ALD has a selflimiting nature: for one ALD cycle, precursor A would react with the surface active sites
such as OH groups, and the precursor A would not self-reacted. After all the surface
nucleation sites are occupied, the extra dosage of precursors would not cause further
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deposition due to the self-liming process. Then the precursor B will be dosed to remove
the ligand of precursor A and also generate the new nucleation sites (Figure 1.1). Based
on this deposition sequence, simply varying the ALD cycles would achieve the different
thickness of coating layers and also sized metal species. These unique properties of ALD
provide the opportunities to design high active and stable electrocatalysts.

Figure 1.1 General ALD binary reaction sequence for layer-by-layer growth11.

1.2.1

Nano oxide deposition enhanced stability of electrocatalysts
through ALD

The migration and aggregation of metal species can be prevented by the nano oxide through
steric stabilization. ALD is used to design the catalysts with the most suitable thickness
and size of the nano oxide by simply varying the cycles of deposition. More importantly,
the synergistic interaction between the metal NPs and oxide can not only increase the
stability of NPs and further enhance the electron transfer which leads to improved catalytic
activity. For instance, Cheng et al. use olefin as the blocking agent to selectively deposit
ZrO2 nanocages around the Pt NPs. The achieved catalysts achieved much improved
catalytic activity and stability than the commercial Pt/C13. With the similar concept, Song
and co-workers used selective ALD to deposit the TaOx nanocages to prevent the
aggregation of Pt NPs. In the PEMFC single cell test, the 35-ALD-TaOx-Pt/C exhibited
only a 12% loss of the peak power density (0.95 W/cm2) after 4700 cycles of accelerated
degradation tests (ADTs), which is much better than the commercial Pt/C catalysts14.
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1.2.2

Design of single-atom catalysts through ALD

To increase the metal atomic utilization efficiency and reduce the cost of noble metals,
decreasing the size of NPs even to single atoms is one of the best scenarios. Apart from the
deposition of oxide, ALD also has the advantages to design the supported catalysts.
Because of the deposition nature of ALD, it offers the opportunities to preciously design
atomic catalysts at the atomic level, especially for single-atom catalysts (SACs). Using
ALD, several types of SACs are successfully achieved, including the deposition of single
atoms on carbon materials15, 16, metal oxide, and also on shaped controlled metal nano
structures.

1.3 Thesis objectives
The electrocatalyst is one of the most important parts of PEMFCs. Designing the
electrocatalysts with high performance (high activity and stability) and low cost are
significant for practical applications. In order to improve the electrochemical performance
of electrocatalysts, the authors have devoted to increasing the stability of Pt-NPs based
electrocatalysts using oxide coatings and surface engineering strategy through ALD.
Several types of SACs were developed to increase the metal atoms utilization efficiency
and the strategies to enhance their stability are also developed. These studies can be found
in the following two parts:
Part 1: Enhance the stability of Pt-NPs electrocatalysts
i) To increase the stability of Pt-NPs in the ORR, TiO2 nano islands were firstly deposited
on the N-doped carbon nanotubes (NCNT) by ALD. Then the Pt NPs were selectively
deposited on the TiO2. By varying the ALD cycles of TiO2, a highly active and stable PtTiO2/NCNT electrocatalyst was achieved. The promotion mechanism of the introduction
of TiO2, electronic properties, and local structures of this electrocatalyst are investigated.
ii) To promote the activity and stability of Pt-NPs, a surface engineering method using
NbOx decorating through ALD was developed. The Nb single atoms can be deposited on
the surface of Pt NPs. This achieved Nb-Pt/C electrocatalyst exhibited better performance
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compared with commercial Pt/C in ORR. This approach opens up a new avenue to modify
NPs using single atoms.
Part 2: Design of single-atom catalysts
iii) To achieve a high-loading Pt SAC, the N-doped carbon nanosheet (NCNS) with high
N content was developed. After conducting one cycle of Pt ALD, the loading of Pt single
atoms is as high as 2 wt%. The nature of active sites of Pt single atoms under HER and
ORR was also unveiled by operando X-ray absorption spectroscopy (XAS). This work
provides new sight into the understanding of single-atom catalysis, which would be
beneficial for the design of advanced SACs.
iv) To minimize the use of noble metals, a serial of non-noble metal (Fe, Co, and Ni) SACs
were developed using ALD with the help of the pre-located Pt single atoms. Their catalytic
performance were evaluated under HER and OER. The deposition mechanism, local
structure, and nature of active sites under HER were also investigated. This approach
provides a general way to synthesize dual-site atomic catalysts.

1.4 Thesis organizations
This thesis consists of 8 chapters (two introductory chapters, one experimental and
characterization details, four articles, and one conclusive chapter) and is organized
according to the requirements on Integrated-Article form as outlined in the Thesis
Regulation Guide by the School of Graduate and Postdoctoral Studies (SGPS) of the
University of Western Ontario. Specially, it organizes according to the following sequence:
Chapter 1 gives a brief introduction of electrocatalysts that are applied in PEMFCs and
their challenges. Furthermore, the research objectives and the thesis structure are also
stated.
Chapter 2 reviews the recent development of electrocatalysts, from NPs to atomic
catalysts (SACs and dual-site atomic catalysts). The fundamental understanding, issues,
and methods which have been developed are summarized.
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Chapter 3 outlines experimental methods and analytical apparatus used in the work of this
thesis.
Chapter 4 presents a study using atomic layer deposition of TiO2 to anchor Pt NPs for a
stable electrocatalyst for ORR. Catalysts with various TiO2 ALD cycles are investigated
for selecting the best catalyst. The morphology, local structure, and electronic properties
of catalysts and the origin of enhancement in ORR with the introducing of TiO2 are also
studied.
Chapter 5 investigates the Nb single atoms doping using a surface engineering method on
the surface of Pt NPs for ORR. By testing the electrochemical performance of the achieved
catalysts, the activity and stability are both increased compared with the pristine
commercial Pt/C.
Chapter 6 reported a high-loading Pt SAC on NCNS. With one cycle of Pt ALD, the
loading of Pt on NCNS is as high as 2.0 wt%. Its catalytic performance is evaluated in HER
and ORR, and the performance of Pt NPs catalyst is also investigated for comparison.
Moreover, the nature of active sites of Pt single atoms and NPs under HER and ORR are
also studied using operando XAS measurement.
Chapter 7 presents the fabrication method of non-noble metal Co SACs using pre-located
Pt single atoms through ALD. Without the pre-located Pt single atoms, the Co NPs will
form. More importantly, this synthesis strategy can be extended to achieve Fe and Ni single
atoms as well. The local structures of achieved non-noble metal SACs are unveiled by
XANES and EXAFS studies. The deposition mechanism is also investigated by theoretical
calculations. The achieved SACs are evaluated under HER and OER, and the nature of
active sites under HER is unveiled by operando XAS. This work is the first time using
isolated atoms to prepare SACs, which extends the application of SACs to fabrication
methodology.
Chapter 8 summarizes the results and contributions of the thesis work. Furthermore, the
author gives some personal opinions, perspectives, and suggestions regarding future
research outlook on the design of electrocatalysts.
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Chapter 2

2

Literature review

In this chapter, a comprehensive and detailed literature review of the recent development
of electrocatalysts, including the NPs and atomic catalyst (SACs and dual-site atomic
catalysts). The fundamental understanding, issues, and methods which have been
developed are summarized. The outlook in the electrocatalysts is also provided.

*Parts of this chapter have been published in Carbon Energy, 2020; 2, 488-520, a book
chapter, and a manuscript which will be submitted.
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2.1 Issues of electrocatalysts and the degradation
mechanism

Figure 2.1 Simplified representation of suggested degradation mechanisms for platinum
particles on carbon support in fuel cells1.
The electrocatalysts used in both anode and cathode of PEMFCs are Pt-based materials on
carbon supports. Because of the harsh working conditions such as high overpotentials,
acidic electrolyte, and oxidation environment, the degradation of electrocatalysts occurs,
which severely reduced the working life of catalysts. Generally, the degradation
mechanism of Pt-based carbon electrocatalysts can be suggested (Figure 2.1): a) Platinum
dissolution. Some of the Pt atoms; (b) Ostwald ripening; (c) Agglomeration; (d) particle
detachment; (e) carbon corrosion1. Due to the harsh working conditions, some of the Pt
metal will dissolve into the electrolyte, leading to the decreased total amount of Pt. If the
interaction between Pt NPs and the carbon supports is not strong enough, the Oswald
ripening, agglomeration, and particle detachment will also sharply reduce the active sites
of Pt. More seriously, carbon corrosion will not only decrease the active sites but also
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reduce the conductivity of materials. Therefore, the rational design of highly efficient and
stable electrocatalysts is critically important.

2.2 Progress of highly active and stable Pt NPs-based
electrocatalysts
2.2.1

Shape controlled and alloyed Pt nano catalysts

The design of shape-controlled and alloyed Pt nano catalysts is one of the promising
strategies to address these issues. Chen et al. synthesize the PtNi3 polyhedra in oleylamine.
The capped PtNi3 polyhedra were dispersed in the nonpolar solvent and kept for two weeks.
Further increasing the temperature to 120 °C, the Pt3Ni nanoframes form the desired Ptskin surface structure. This unique nanoframe catalyst with Pt-skin surface shows
remarkable catalytic activity in the ORR. At 0.95 V, the Pt3Ni nanoframes exhibited more
than 16-fold higher specific activity than the commercial Pt/C. In the durability test, the
Pt3Ni nanoframes showed extremely high stability, while the commercial Pt/C lost 40% of
its initial specific activity due to the dissolution of Pt surface atoms and agglomeration
(Figures 2.2a to c). Such a high stability of Pt3Ni is attributed to the unique Pt-skin surface
which lowers the coverage of oxygenated intermediates from weaker oxygen-binding
strength, thus reducing the Pt dissolution2. Li and co-workers successfully achieved the
PtNi alloy nanowires through the thermal annealing of Pt/NiO core/shell nanowires. The
PtNi alloy nanowires can be further transformed into jogged Pt nanowires under
electrochemical dealloying3 (Figures 2.2e and f). After full activation, the j-PtNWs
reached the electrochemical active surface area (ECSA) as high as 118 m2/gPt. In ORR
evaluation, the j-PtNWs showed the high mass activity of 13.6 A/mgPt at 0.9 V, which is
52 times higher than that of the Pt/C. The j-PtNWs also exhibited superior ORR durability,
only 7% ECAS and 12% mass activity loss can be found in the j-PtNWs after 6000 cycles
(Figure 2.2d). The high catalytic performance of j-PtNWs is attributed to the unique
geometry of the 1-D structure of Pt nanowires, which has highly stressed surface
configurations.
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Figure 2.2 (a) ORR polarization curves and (inset) corresponding Tafel plots of Pt3Ni
frames before and after 10,000 potential cycles between 0.6 and 1.0 V. Bright-field STEM
image (b) and dark-field STEM image (c) of Pt3Ni nanoframes/C after cycles2. (d) ORR
polarization curves and mass activity Tafel plot (inset) for the J-PtNWs before and after
6000 CV cycles between 0.6 and 1.0 V versus RHE. TEM (e) and HRTEM images (f) of
J-PtNWs supported on carbon, respectively3. SEM (g) and TEM (h) images for N-graphene
(900). (i) The polarization curves of oxygen reduction on N-graphene (900) and Pt/C (ETEK) catalysts (j) Dependence of the current density for the ORR at 0.05 V on the potential
cycles evaluated from the cyclic voltammograms of the inset. Inset: cyclic voltammograms
of N-graphene (900).4 (k) Schematic illustration of ALD-Pt growth on ZrC support. (l)
Loss of ECSA of various catalysts as a function of cycling numbers5. (m) Schematic
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diagram of platinum encapsulated in zirconia nanocages structure fabricated by areaselective ALD. (n) ORR curves of electrodes made from ALD50ZrO2-Pt/NCNT600 °C
during the durability tests. (o) STEM image of ALD50ZrO2-Pt/NCNT600 °C after ADT6.

2.2.2

Strong metal-support interactions from stable support

Apart from the modification on the Pt NPs, developing highly stable support is also
important to promote the stability of electrocatalysts. Using the N-doped carbon materials
as the support for electrocatalyst is one of the good choices. The doped N elements not
only promote the activity in ORR but also strengthen the corrosion resistance. Geng and
co-workers synthesized the N-doped graphene by the treatment of graphene under the
ammonia atmosphere (Figures 2.2g and h)4. In ORR, the achieved N-graphene (900)
exhibited higher onset potential and more positive E1/2 than the commercial Pt/C (Figure
2.2i). More importantly, the N-graphene (900) showed great stability under ORR, without
showing any obvious activity decline after 5000 cycles durability test (Figure 2.2j). Rather
than carbon-based materials, some novel noncarbon support is also applicable. For
example, Cheng and co-workers used the ZrC as the substrate to support Pt NPs using the
ALD method (Figure 2.2k)5. The achieved Pt-on-ZrC catalyst exhibited remarkable
catalytic activity in ORR, showing the mass activity of 0.122 A/mgPt at 0.9 V, which is
much higher than the commercial Pt/C (0.074 A/mgPt). During the durability test, the ALDPt/ZrC catalyst was five times more stable than the Pt/C, in which the ALD-Pt/ZrC had an
activity loss of 26% but Pt/C lost 76% of its initial activity (Figure 2.2l). The X-ray
absorption near-edge structures results demonstrated the strong interaction between Pt NPs
and ZrC, which could be the main reason for its high stability.

2.2.3

Oxide nanocage confined Pt NPs

The weak interaction between Pt NPs and the substrate is one of the reasons which lead to
the low stability of the Pt-based electrocatalysts. Therefore, increasing the interactions,
several effective strategies have been developed to increase the interactions thus inhibiting
the migration and coalescence of Pt NPs. In Cheng and co-workers’ work, the oleylamine
was used as a blocking agent to the surface of Pt NPs and then deposited ZrO2 using ALD6.
Due to the blocking agent, the ZrO2 were not directly deposited on the surface of Pt NPs
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but the near place around Pt NPs (Figure 2.2m). As a result, with the increasing cycles of
ZrO2 ALD, the ZrO2 NPs acted as the nanocages which strongly increase the sinter
resistance of the Pt NPs. In the ORR, the ZrO2 coated Pt NPs catalyst exhibited a mass
activity of 0.28 A/mg at 0.9 V, which was 6.4 times higher than the Pt/C. More importantly,
the ZrO2 coated Pt NPs catalyst showed outstanding stability, without showing obvious
activity loss after ADT, which is much more stable than the commercial Pt/C (Figure
2.2n). Based on the TEM characterization results, the size of Pt NPs on the ZrO2 coated
sample was almost unchanged, while the size of Pt NPs on Pt/C sharply increased from 3.9
to 8.1 nm. These results unambiguously demonstrated the ZrO2 promotes the stability of
Pt NPs (Figure 2.2o). It is worthy to note that this area-selective ALD method which
created the nanocages to stabilize Pt NPs can also be applied to other oxide coatings. For
instance, Song et al. used TaOx coated on oleylamine decorated Pt/C and further thermal
treated under H2 to remove the oleylamine7. This TaOx coated Pt/C sample showed
remarkable stability in ORR. In the MEA stability test, it only lost 12% of its initial power
density after 120 h ADT, which is much more stable than the commercial Pt/C. This high
stability is mainly attributed to the strong interaction between Pt NPs and the oxide.

2.3 Progress of single-atom catalysis
2.3.1

Introduction and issues of single-atom catalysts (SACs)

Due to the rapidly increasing consumption of fossil fuels and global warming, finding clean
and reliable new energy sources is of the utmost importance. Using energy conversion
devices to develop clean energy from sustainable and renewable energy sources is one
promising alternative. Most of such devices operate using electrochemical redox reactions,
for example, the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
are involved in the water-splitting reaction8, 9. Oxygen reduction reaction (ORR) at the
cathode and hydrocarbon (formic acid, methanol, and ethanol) conversion reactions are
used in fuel cells and rechargeable metal-air batteries8, 10. Recently, electrochemical CO2
reduction reaction (CO2RR) and N2 reduction reaction (N2RR), which were used to
synthesize hydrocarbon products and ammonia have seen significant development11, 12.
Among these electrochemical reactions, Pt and other noble-metal-based catalysts have
shown the best catalytic activities. However, for traditional electrocatalysts, the metal
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particles have a wide size distribution, but only the surface atoms of the metal particles
participate in the reaction, thus a large proportion of the metal atoms were inert and wasted.
Therefore, an electrocatalyst with high atom utilization efficiency is in demand.
In this case, single-atom catalysts (SACs) seem to be the best scenario to solve these
issues13-16. SACs with atomically dispersed metal atoms on the support can reach the
maximum metal atom utilization efficiency, as all the atoms can act as an active site. In
addition, because of the unique electronic structure and highly unsaturated coordination of
SACs, they showed improved catalytic activity and selectivity over that of nanoparticles
(NPs)-based catalysts in some reactions. Although the study of single-site catalysts is more
prevalent in recent years, the discovery of SACs can date back to 1995. Maschmeyer and
co-workers support highly dispersed Ti species on mesoporous silica using a grafting
method for the epoxidation of cyclohexene and cyclic alkenes. They found there were no
obvious metal NPs, indicating the Ti species may be dispersed at the atomic level17. In
2003, Fu et al. loaded Au nanoparticles on CeO2 and then etching the particles through
NaCN, leaving the atoms and clusters of Au. In water gas shift (WGS) conversion, they
found that the catalysts and metal particle catalysts etched by NaCN were quite active, so
they believed that the true reactive center was the single atoms and clusters of Au rather
than NPs18. Similarly, in 2005, Zhang et al. synthesized a very low loading Au/ZrO2
catalyst (< 0.1%) by an impregnation method. Interestingly, they found that high-resolution
transmission electron microscopy (TEM) cannot detect any Au NPs on this sample. In the
selective hydrogenation of 1,3-butadiene, they found that the catalyst has good activity and
high selectivity to olefins. Based on this result, they believe that the main active center in
the selective hydrogenation of 1,3-butadiene is Au3+ ions19. Although these works suggest
that the active center in the reactions may be single atoms, they are limited to
characterization methods such as atomic-resolution TEM to identify single atoms. Until
2011, Zhang and co-workers successfully synthesized a practical Pt1/FeOx SAC by a wet
chemistry method with a Pt loading at 0.17%. Thanks to more advanced characterization
techniques, the Pt1/FeOx was comprehensively investigated through atomic-resolution
high-angle annular dark-field scanning transmission electron microscopy (HAADFSTEM), X-ray absorption spectroscopy (XAS) and in-situ CO chemisorption Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) to confirm that Pt species
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were monoatomic without any obvious metal particles and cluster20. From here, SACs have
seen continuous growth and development across the field.
With a decrease in size from NPs to single atoms, the atom utilization efficiency will
improve, along with the increasing surface free energy which leads to the migration of
single atoms to form clusters or NPs21, 22. The aggregation of single atoms will decrease
the active sites and could lead to deactivation in the worst case. Therefore, increasing the
stability of SACs by some efficient strategies is important.

2.3.2

Synthetic strategies of SACs

In the last few years, because of the increased atom utilization efficiency and unique
catalytic activity, SACs have become one of the hottest research areas. Because of the
highly unsaturated coordination environment, the mobility of single atoms on the surface
of the support was strongly enhanced. During the catalysis process, when the reactant is
adsorbed on the single atoms, the interaction between the single atoms and the substrate
will decrease, leading to the migration of single atoms on the support. As such, the stability
of SACs can become even worse in some rigorous reaction conditions, such as high
temperature and high pressure. For example, Bayram and co-workers found the Ir1 atoms
gradually aggregated to clusters in the presence of cyclohexene and H2 reactants under
cyclohexane solvent23. Similar aggregation can also be found on Pt1/CeO2 SAC, in which
some Pt clusters can be found after 3 cycles of propane dehydrogenation22. As a result,
finding a suitable and effective method to stabilize single atoms is an urgent requirement
for the widespread adoption of SACs. Aiming to solve this issue, several synthesis
strategies have been introduced to improve the stability of SACs14-16, 24.

2.3.2.1

Spatial confinement

Due to the fact that the single atoms tend to form the big clusters or NPs because of the
enhanced mobility on the surface of the substrate, the possibility to “meet” other atoms
increases, forming larger-sized species. Based on this, researchers designed several
methods to synthesize the catalysts with special structures that confine the single atoms in
a limited space, which dramatically decreases the space for single atoms to move. This
method is generally referred to as spatial confinement.
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Figure 2.3 (a) Overall schematic for proposed single Pt atom synthetic methodology
combining surface organometallic chemisorption and ALD approaches. (b) (PhPCP)PtAl2O3-400 cal, 20Al-(PhPCP)Pt- Al2O3-400 cal, 40Ti-(PhPCP)Pt- Al2O3-400 cal, and 20Zn(PhPCP)Pt- Al2O3-400 cal25. (c) Structure and HAADF-STEM image of [Pd]mpg-C3N4. (d)
k2-weighted Fourier transform EXAFS (not phase-corrected) and (e) Pd3d core level XPS
of the catalysts26. (f) Schematic illustration of the in situ separation and confinement of a
platinum precursor in a β-cage. Followed by thermal treatment. (g) Elements mapping, and
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(h) AC-HAADF-STEM image of Pt-ISAS@NaY27. (i to m) HAADF-STEM images of
site-isolated Pt atoms in KLTL zeolite28.
One such method was to artificially or naturally create a nano-cage structure to increase
the stability of SACs. Liu and co-workers combined the organometallic chemisorption and
atomic layer deposition (ALD) method to stabilize Pt SACs. Firstly, they used a grafting
method to make the (PhPCP)Pt-OH chemisorbed on the Al2O3 and then coated a metal oxide
such as TiO2, ZnO, and Al2O3 through ALD. Due to the ligand effect, the coated oxide will
only be deposited around the Pt single atom species instead of reacting with them. After
several cycles of layer by layer deposition, the oxide becomes oxide nano-cages that
capture the Pt single atoms. After that, thermal treatment will be conducted to remove the
Pt ligand (Figure 2.3a). Without the nano-cage protection, the size of the Pt was calculated
to 3.8 ± 2.8 nm, while the Pt sizes of the Al2O3, TiO2, and ZnO coated samples were
decreased to 1.7 ± 1.4, 0.6 ± 0.3, and 1.4 ± 1.1 nm, respectively (Figure 2.3b). They
further used the CO DRIFTS analysis to confirm the dispersion of the Pt species with
different coatings. DRIFTS results showed that the oxide-coated samples have a reduced
CO linear adsorption peak intensity on NPs compared with the pristine sample. Combined
with STEM and DRIFTS results, they demonstrated that this oxide nano-cage structure can
help obtain more Pt single atoms25.
Apart from the artificially created nano-cage, some materials offer a naturally formed
cavity that can be a good support to stabilize single atoms. For example, carbonitride
(C3N4) which has N-coordinating “six-fold cavities” has shown promise. Vilé and coworkers are the first to use C3N4 as a substrate for SACs. They successfully supported 0.5
wt% Pd single atoms on mpg-C3N4, which was confirmed by both HAADF-STEM (Figure
2.3c), XAS, and X-ray photoelectron spectroscopy (XPS) (Figures 2.3d and e). DFT was
used to study the nature of the Pd single atoms and they found the Pd single atoms can be
electrostatically stabilized by the N species from the support. The six-fold N cavity will
trap the Pd single atoms through the strong interaction between N atoms and the Pd atom.
Hence, the stability of Pd single atoms is improved. Hydrogenation of 1-hexyne was used
as a probe reaction to investigate the benefit of this [Pd]mpg-C3N4. Under 363 K and 2 bar,
the [Pd]mpg-C3N4 showed nearly 100% selectivity to 1-hexene. At 343 K and 5 bar, it also
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displayed a much higher activity and high selectivity to olefin (90 %) than the Lindlar
catalyst even with a high Pd content (5 wt%). In the stability test, the [Pd]mpg-C3N4
exhibited no decrease in both the activity and selectivity, indicating the metal loss and
single-atom aggregation was not obvious. DFT revealed that the optimized activation of
H2 and adsorption of alkyne on Pd single sites lead to its high catalytic activity and
selectivity26. Following this work, C3N4 was reported to have the ability to stabilize other
single atoms29-31. Similar to the C3N4, zeolite with the high surface area and porous
structure also showed great potential to stabilize the single atoms27, 28, 32. For instance, Liu
and co-workers developed a general way to synthesize different types of SACs, including
Pt, Pd, Ru, Rh, Co, Ni, and Cu single atoms in Y zeolite. The metal-ethylenediamine
complex was confined into the β-cages of Y zeolite during the thermal treatment (Figure
2.3f). As a result, the single atoms can be stabilized in the skeletal O atoms in the Y zeolite
(Figures 2.3g and h) 27. Kistler et al. reported that a [Pt(NH4)]2+ complex can be confined
in a KLTL zeolite in its pores (Figures 2.3i and m). Then the sample will be oxidized at
633 K to achieve the Pt SAC. IR and XAS results demonstrated the excellent stability of
Pt SAC, as the isolated Pt single atoms still remained after the CO oxidation reaction28.

2.3.2.2

Neighbor site modification

Due to the highly unsaturated coordination environment, the neighbor atoms near the single
atoms will largely affect their electronic property and local structure. Therefore,
modification on the proximity sites of single atoms may increase both the catalytic activity
and stability.
Due to the requirement of conductivity, carbon-based materials were the first choice,
especially for the applications of fuel cells33, but the metal atoms always have a very weak
interaction with the carbon substrate, which makes it more challenging to stabilize single
atoms on carbon. In the reported reference, increasing the surface area and introducing
stable anchor sites are the design principles for supporting single atoms. Doping other
elements on the neighboring sites of single atoms can be an effective way to increase the
stability of SACs. Nitrogen-doped materials were found to be one of the most widely used
substrates to stabilize single atoms. Cheng et al. demonstrated Pt single atoms can be
achieved on N-doped graphene using ALD (Figures 2.4a to c). This SAC showed
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remarkable stability in the hydrogen evolution reaction (HER) with no catalytic activity
decrease even after 1000 cycles of stability testing. From the Bader charge analysis, a 0.25
e- charge transfer from the Pt atom to the N-doped graphene only occurred on the Pt single
atoms, and no charge transfer between the Pt atom and the pristine graphene was observed.
These results strongly indicated that a very strong interaction between Pt single atoms and
the N atoms occurs, which can be attributed to be the main reason for achieving the high
stable SACs34. Choi and co-workers reported a sulfur-doped zeolite-templated carbon
which has 17 wt% S can stabilize 5 wt% Pt single atoms. From the X-ray absorption near
edge structure (XANES) results, the Pt/HSC showed the highest whiteline intensity and E0,
indicating the highly oxidized Pt species on higher support S content. Extended X-ray
absorption fine structure (EXAFS) analysis further confirmed the Pt single atom was
bonded with four S atoms, which lead to the high loading and dispersion of Pt single atoms
(Figures 2.4d and e) 35.

Figure 2.4 (a) Schematic illustration of the Pt deposition mechanism on N-doped graphene.
(b and c) HAADF-STEM images of Pt single atom sample. Scale bars, 10 nm (b); 5 nm (c)
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.34 (d) Fourier transforms results of k3-weighted Pt LIII-edge. (e) Proposed atomistic
structure of the Pt/HSC35. HAADF-STEM images and particle size distributions of (f) 1PtSiO2 and (g) 1Pt-3Na-SiO2 washed samples.36 (h-j) HAADF-STEM images of the Nacontaining Pt catalysts37.
Apart from N and S atoms doping, alkali ions are also proved to stabilize single atoms.
Flytzani Stephanopoulos and co-workers demonstrated the Na+ and K+ ions were important
to stabilize different types of SACs36, 37. Zhai and co-workers found that the alkali ions
strongly suppress the growth of Pt NPs. On the Na-modified silica, Pt clusters and single
atoms were stable even after calcination in air at 400 ºC, which showed a much smaller Pt
particle size than the pristine sample (Figures 2.4f and g). The theoretical calculation
indicated Pt-alkali-Ox(OH)y species is the active site for the WGS reaction36. Later on, they
extend this synthesis strategy to TiO2, L-zeolites, and MCM-41. In the sample preparation,
they made the atomic ratio of Na/Pt as 10:1 from the Pt(NH3)4(NO3)2 and NaOH precursors
using a solid-state impregnation method. A different substrate with the same Pt loading
(0.5 wt%) showed similar atomic level dispersion (Figures 2.4h to j). They believe the Pt
single atoms were stabilized by sodium through -O ligand, which was quite active and
stable in WGS reaction. This work provides a general method to prepare stable SACs37.

2.3.2.3

Strong Metal-Support Interactions (SMSI)

According to Ostwald ripening, single atoms and NPs tend to aggregate to larger sizes
under high-temperature catalysis because of the dramatically increased high surface free
energy. The size change will lead to a decrease in the number of active surface atoms and
catalytic deactivation. Recently, researchers found some supports showed very strong
interaction with the metal species, which can suppress the metal migration and trap the
single atoms under high-temperature conditions.
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Figure 2.5 (a) Illustration of the sintering of Pt NPs, showing how ceria can trap the mobile
Pt to suppress sintering. Representative HAADF-STEM images of 1 wt % Pt/CeO2-rod (b)
and 1 wt % Pt/CeO2-polyhedra (c) after aging at 800 °C for 10 hours in flowing air38. (d)
Illustration of thermally induced Pt nanoparticles restructuring. (e to g) Sequential
HAADF-STEM images from the same area showing the dissociation of small particles
during in situ calcination: 5 nm scale bars39. (h) The schematic diagram shows the HT-SA
synthesis and dispersion process. Typical HAADF images of Pt HT-SAs after one (i) and
ten (j) cycles of the thermal shock (0.01 μmol/cm-2). (k) EXAFS profiles (without phase
correction) for Pt HT-SAs on CA-CNFs after one and ten cycles of the thermal shock
treatment40.
Using a bulk metal or NPs to achieve single atoms is one of the most widely used SACs
preparation methods through thermal treatment. Jones and co-workers demonstrated that
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the Pt1/CeO2 can be obtained from the thermal treatment because of the atomic migration
trapping. They found that the CeO2 with various shapes with different exposed surface
facets showed different abilities to trap the Pt single atoms (Figure 2.5a). When they mixed
the Pt/Aluminum with differently shaped CeO2 which can suppress the sintering, the
mobile Pt atoms can be trapped by CeO2 during heating at a very high temperature (800
ºC) in air. They further confirmed that the CeO2 are in rods and polyhedral structures are
more efficient than cubic CeO2 for trapping the mobile Pt atoms from HAADF-STEM
results (Figures 2.5b and c) 38. Lang et al. reported that thermally stable Pt SACs can be
achieved from NPs through a strong covalent meta-support interaction (CMSI) after hightemperature calcination. They firstly supported Pt NPs with 2-3 nm diameters on Fe2O3
support and then calcinated in the air at 800 ºC for 5 h. After that, the Pt NPs were
disappeared and formed a high density of Pt single atoms, which were confirmed by the
HAADF-STEM and XAS results. However, if the Pt-NPs/Fe2O3 were calcinated in Ar, the
Pt particles would become larger, indicating the oxidizing atmosphere is quite important
(Figure 2.5d). The in-situ STEM results indicated the reducible iron oxide substrate is
critical for the formation of Pt single atoms (Figure 2.5e to g). This method provides a new
way to synthesize Pt SACs by simply introducing the iron oxide39. Yao and co-workers
reported a high-temperature shockwave to achieve the thermally stable single atoms. They
firstly loaded the H2PtCl6 precursor on the defective CO2-activated carbon nanofiber and
then used an electrical joule heating process for shockwave heating, in which the
temperature can reach as high as 1500 K at 55 ms for one pulse (Figure 2.5h). Based on
the HAADF-STEM and EXAFS results, after one pulse, Pt clusters and single atoms were
found to co-exist on the substrate. However, after ten shock pulses, high-density Pt single
atoms can be achieved (Figure 2.5i and j), which was also confirmed by the EXAFS
(Figure 2.5k). Theoretical calculation results indicated the thermodynamically favorable
metal-defect bonds were formed under high temperatures. They also believe the off-state
also played a key factor to make the substrate exhibit overall stability. More importantly,
they found this high-temperature shockwave strategy can also be a general method for the
synthesis of different types of SACs, such as Pt, Ru, and Co single atoms40.
Recently, MOFs-derived SACs attracted great attention as the SACs were achieved under
pyrolysis, thus leading to thermally stable SACs. Among the reported reference, there are
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lots of synthetic methods for SACs from MOFs, including direct pyrolysis from MOFs
with stabilizing the single atoms in the framework, pyrolysis of MOFs with spatialconfined metal molecules, and also using a mixed-method with pyrolysis and acid washing.
The strongly coordinated N-M bond from the pyrolysis process from MOFs provides the
SACs with increased stability. Very recently, Wei and co-workers reported that the SACs
can also be achieved with the pyrolysis of MOFs from metal NPs41. They firstly mixed
with Pt-NPs, Zn(NO)3, and 2-methylimidazole to make Pt-NPs@ZIF-8 composites. Then
the sample was thermally treated under an inert atmosphere at 900 ºC for 3h. After that,
the Pd NPs disappeared but highly dispersed Pd single atoms were observed under
HAADF-STEM. In order to understand the mechanism for the NPs converted to single
atoms, in-situ ETEM was performed on the Pd NPs from 100 to 1000 ºC under Ar
atmosphere. When the temperature increased from room temperature to 900 ºC, the size of
Pd NPs increased but the amount of Pd NPs decreased, indicating the competitive
formation of Pd single atoms and larger Pd NPs. However, the Pd NPs disappeared under
1000 ºC after 162 seconds. Density functional theory (DFT) results indicated the
conversion of NPs to single atoms was driven by the more thermodynamically stable PdN4 sites during the thermal treatment process. They also demonstrated this strategy can be
applied to synthesize Pt and Au SACs41.

2.3.2.4

Electronic metal-support interactions (EMSI)

Due to the highly un-coordinated environment of SACs, increasing the metal-support
interactions is one of the most promising ways to improve the stability of SACs. However,
the single atom is bonded with the substrate which will induce an electronic perturbation
to the central atom. This kind of electronic metal-support interaction will help to modulate
the electronic properties of single atoms through charge transfer, which can increase both
the catalytic activity and stability of SACs.
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Figure 2.6 High-resolution HAADF-STEM images and EDX line scans along the yellow
lines of AgAOR–HMO (a, c and e) and AgIMP-HMO (b, d, and f). Corresponding models of
the CAS on the (001) planes (e and f). Scale bars: 1 nm (a and b), 2 nm (c and d), 40 nm (e
and f) 42. (g) XANES spectra of Pt1/Co3O4, Pt1/CeO2, Pt1/ZrO2, and Pt1/graphene SACs as
well as the Pt foil and PtO2 reference at the Pt L3-edge. (h) DRIFTS of CO chemisorption
on Pt1/Co3O4, Pt1/CeO2, and Pt1/ZrO2 at the saturation coverage. (i) XPS spectra of
Pt1/Co3O4, Pt1/CeO2, Pt1/ZrO2, Pt1/graphene, and PtO2 in the Pt 4f region. (j) Recyclability
test on various Pt1 single-atom catalysts43.
Tang and co-workers supported Ag NPs on Hollandite manganese oxide (HMO) nanorods
and then were thermally treated to form the AgAOR-HMO through anti-Ostwald ripening.
According to the TEM results, they found the silver atoms were in the porous space of the
HMO on the (001) facets, in which the Ag single atoms were anchored at the four-fold
hollow sites of oxygen (Figures 2.6a to f). XAS and theoretical calculation indicated
higher depletion of 4d electronic state from EMSI on Ag single atoms lead to the higher
activation ability of O2, which resulted in a high catalytic activity of oxidation of
formaldehyde42. Li and co-workers synthesized Pt single atoms on four different substrates
which were graphene, CeO2, ZrO2, and Co3O4 to investigate the EMSI. From the XANES
results, the four Pt SACs showed different Pt 5d electronic states. Pt1/Co3O4 showed the
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highest whiteline intensity, indicating a higher valence state of Pt1 atoms on Co3O4 than
other supports (Figure 2.6g). The high valence state of Pt1 atoms on Co3O4 was also
confirmed by CO DRIFTS (Figure 2.6h) and XPS (Figure 2.6i), indicating the EMSI
between Pt single atoms and Co3O4. In the dehydrogenation of ammonia borane (AB), the
Pt1/Co3O4 showed up to 68 times higher catalytic activity than other Pt SACs. It also
exhibited excellent stability without showing any obvious deactivation after 15 recycling
tests, while others deactivated seriously even after 5 cycles (Figure 2.6j). DFT results
indicated that the EMSI modulates the unoccupied state of Pt 5d orbitals of Pt1/Co3O4 lead
to an optimization of AB adsorption and H2 desorption, thus leading to high catalytic
activity and stability43.

2.3.3

The applications of SACs in electrochemical reactions

Because of the unique properties of SACs, they showed outstanding catalytic performance
in electrochemical reactions14,

16, 44

. In the following section, we will highlight some

examples which demonstrated the promising applications of SACs as electrocatalysts.

2.3.3.1

Oxygen reduction reaction (ORR)

ORR is one of the most important reactions at the cathode for many electrochemical energy
conversion devices. The ORR can occur in acidic and alkaline solutions. However, the
main disadvantage for alkaline fuel cells is their high sensitivity to the CO2 which can
poison the electrolyte and further lead to the deactivation of catalysts. Depending on the
dissociation the O-O bond of O2, the ORR can be divided into two parts, the two-electron
(2 e-) and four (4 e-) paths45, 46. When the O2 adsorb on the surface through a side-on
adsorption model on Pt NPs, the O-O bond weakened, thus producing H2O through the 4epath. To note that, the reaction path will also change by the geometry effect as well. In
another path, when the O2 adsorbs through an end-on adsorption model, H2O2 will be the
product. In the selective reduction of O2 through the 2 e- path, hydrogen peroxide will be
produced47. If the O-O bond can be broken through catalysis, O2 will be directly reduced
to H2O, which is highly desired for both metal-air batteries and fuel cells. It is worth noting
the 4 e- path is the most preferred one due to its high energy efficiency48, 49.
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Figure 2.7 (a) ORR activities of the prepared catalysts measured in an O2-saturated 0.1M
HClO4 electrolyte. (b) H2O2 production selectivity estimated by RRDE experiments (Pt
ring potential: 1.2 VRHE) 61. (c) Ring currents were obtained during the ORR with a potential
maintained at 1.2 V for various samples. (d) ORR polarization curves in O2-saturated 0.1m
HClO4 and (e) H2O2 selectivity calculated from the ORR and H2O2 oxidation current50. (f)
Ring, disk currents, and the H2O2 selectivity measured concurrently during ORR with a
potential held at 1.2 V of single-atom Pt in O2-saturated 0.1 M HClO4 solution with a scan
rate of 0.01 V s−1. (g) Free-energy diagrams at 0.2 V for the ORR on Pt/TiC(100) and
Pt/TiN(100) 51.
In the practical applications of catalysis towards ORR, Pt-based catalysts are still the most
widely used, especially in fuel cells due to their superior catalytic performance45, 48, 49, 52.
In most of the cathode catalysts for fuel cells, Pt NPs are loaded on carbon-based materials,
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which always show very weak interaction between Pt NPs and the carbon support52.
Therefore, the aggregation and detachment of Pt NPs occur, especially under low pH value,
high overpotential, and highly oxidizing atmosphere in ORR. Hence, lots of efforts have
been devoted to increasing the low stability and keep the competitive stability of Pt-based
catalysts. Pt SACs are one of the best candidates to solve both the activity and stability
issues due to their high atomic utilization efficiency and enhanced metal-support
interactions24. However, the conclusion on Pt SACs still could not reach an agreement: Can
Pt single atoms catalyze the O2 into 4 e- path or not in ORR? According to Siahrostami and
co-workers’ work, at least two continuing active sites are required to break the O-O bond
of O253. Therefore, the Pt SACs should exhibit high selectivity for the reduction of O2 to
H2O254, 55. Choi and co-workers successfully supported Pt single atoms on sulfur-doped
zeolite-templated carbon (Pt/HSC). The Pt SAC showed up to 96% selectivity of H2O2,
which was much higher than the 4e- path in the electrochemical ORR (Figures 2.7a and
b) 35. Yang et. al. synthesized Pt single atoms and Pt NPs on TiN NPs, which showed very
different behaviors in ORR. The 0.35% Pt/TiN exhibited the selectively of H2O2 as high
as 65%, while the 2.0% Pt/TiN can only achieve 20-30 % H2O2. For the Pt NPs on TiN,
the achieved H2O2 was less than 5% (Figures 2.7c and e). They attributed the high
selectivity of H2O2 on 0.35% Pt/TiN to the low proportion of Pt ensembles, as the mostly
Pt single sites cannot break the O-O bond50. In their following work, they further
demonstrated the support effect in selective ORR on Pt single atoms51. They supported Pt1
atoms on TiC and TiN, which were measured in ORR for comparison. The achieved disc
and ring currents indicated the Pt1/TiN showed higher H2O2 selectivity than Pt1/TiC
(Figure 2.7f). At 0.2 V (vs RHE), the current density and H2O2 selectivity of Pt1/TiC were
-0.96 mA/cm2 and 68%, while Pt1/TiN achieved that of -0.34 mA/cm2 and 53.1%. Their
DFT results indicated the adsorption energies of oxygen species are different on Pt1/TiN
and Pt1/TiC. The more well-preserved O-O bond on Pt1/TiC lead to its high selectivity to
H2O2 (Figure 2.7g). However, some reported work also showed the Pt SACs showed
potential application for 4 e- ORR. Liu and co-workers achieved Pt single atoms on black
porous carbon, which showed higher performance and stability in both acid and alkalibased ORR through the 4 e- path. Their DFT results indicated the single Pt atom on a single
pyridinic nitrogen atom is the active center for its high performance56. In their following
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work, they anchored Pt1 atoms on a defected carbon support, which showed a good ORR
performance and power density of 520 mW/cm2 at 80 ºC in the acidic H2/O2 single cell.
The DFT results indicated the Pt single atom bonded with four carbon atoms is the active
center for the main catalytic activity in 4e- path ORR57.

2.3.3.2

Hydrogen evolution reactions (HER)

Hydrogen, a clean and renewable fuel, has been regarded as one of the most promising
candidates as a future energy source. HER, as a half-reaction of water splitting, has
attracted significant attention due to its green way to produce hydrogen. The target for HER
is to develop highly efficient and stable catalysts at relatively low overpotential. As
demonstrated by both experiment and theoretical calculation, the rate determine step is the
adsorption of H*. When the adsorption free energy is close to zero, indicating the high
catalytic activity of catalysts. To note that, when the HER occurs under alkaline-based
electrolyte, the adsorption of OH- may also affect the overall reaction. Up to now, Pt-based
catalyst showed the best catalytic activity in HER. However, due to its high price and low
abundance, their application is strongly limited. Based on this, decreasing the size of Pt
NPs to single atoms and developing Pt group metal-free (PGM-free) SACs are used to
address this issue.
Unlike ORR, the selectivity is not obvious in HER. Decreasing the size of Pt from NPs to
single atoms will increase the atom utilization efficiency as every single Pt atom will be an
active site. Cheng and co-workers prepared Pt single atoms on N-doped graphene using
ALD for HER. The ALD50Pt/NGNs SAC showed excellent catalytic activity in HER,
exhibiting a current density as high as 16 mA/cm2 at 0.05V overpotential. While the figure
on Pt/C is only 8.2 mA/cm2 (Figure 2.8a). The normalized mass activity on
ALD50Pt/NGNs is 10.1 A/mg which is almost 37.4 times higher than Pt/C (Figure 2.8b).
Importantly, no obvious catalytic activity decrease can be found on ALD50Pt/NGNs after
1000 cycles of stability testing, while the Pt/C loses 19% of its initial activity. The XAFS
and DFT demonstrated the higher proportional total unoccupied density of states on Pt 5d
orbitals on NGN leading to its high catalytic activity34. Liu et al. supported Pt single atoms
on onion-like nanospheres of carbon (OLC) through ALD. In acidic solution, Pt1/OLC
exhibited great catalytic performance in HER, showing a low overpotential (38 mV) at 10
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mA/cm2 (Figure 2.8c). The turnover frequency (TOF) is as high as 40.78 H2/s at 100 mV,
which is much higher than Pt1/graphene SAC (Figure 2.8d). The theoretical calculation
results indicated the improved catalytic performance can be attributed to the tip-enhanced
local electric field on curve located Pt single atoms58. Deng and co-workers prepared Pt
single atoms on two-dimensional MoS2 for HER. They demonstrated the in-plane S atoms
in MoS2 can trigger the catalytic activity through the doping of Pt single atoms. STEM and
XAFS confirmed the Pt atoms were doped into MoS2 with the substitution of Mo atoms.
The Pt1/MoS2 showed much improved catalytic activity and stability over that of pristine
2D MoS2. DFT results indicated the adsorption behavior of the H atom was tuned on the
in-plane S atoms which were close to the doped Pt atoms59.
PGM SACs also showed great potential for application in HER, such as Co and Ni SACs.
For instance, Fan and co-workers synthesized Ni single atoms on graphitized carbon
through an acid leaching method for HER. The HCl-Ni@C SAC showed excellent catalytic
activity and stability after the activation process (Figures 2.8e and f). They attributed its
high catalytic performance to the unique local structure of Ni atoms which are anchored on
the graphitized carbon60. Fei et al. reported a Co-based SAC using N-doped graphene as
support for HER. The Co SAC showed great catalytic activity with an overpotential as low
as 30 mV, and it also displayed good stability in both acid and alkaline solution, without
showing obvious deactivation after 1000 cycles (Figures 2.8g and h)

61

. Liang et al.

achieved a Co-Nx/C catalyst using the pyrolysis method. The Co-Nx/C showed high
catalytic activity in HER, with current densities of 10 and 20 mA/cm2 at overpotentials of
133 and 156 mV, which were the highest among the reported references. The Co-Nx/C also
showed excellent stability compared with the Co/C catalyst. The Co-Nx/C only showed an
11 mV shift at a current density of 10 mA/cm2, while the change on Co/C was higher than
40 mV even after 100 cycles62.
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Figure 2.8 (a) The HER polarization curves for ALDPt/NGNs and Pt/C catalysts with a
scan rate of 2 mV/s in 0.5 M H2SO4 at room temperature. (b) Mass activity at 0.05 V (versus
RHE) of the ALDPt/NGNs and the Pt/C catalysts for the HER34. (c) Polarization curves of
Pt1/OLC (black) in comparison with 5 wt% and 20 wt% commercial Pt/C and Pt1/graphene
(0.33%) (blue) in a 0.5 M H2SO4 electrolyte. (d) Mass activity58. LSV curves (e) and Tafel
plots (f) of HCl-Ni@C, A-Ni–C, and Pt/C for HER after activation.60 (g) LSV of NG, CoG, Co-NG and Pt/C in 0.5M H2SO4 at a scan rate of 2 mV s-1. (h) Accelerated stability
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measurements by recording the polarization curves for the Co-NG catalyst before and after
1,000 cyclic voltammograms at a scan rate of 50 mVs-1 under acidic and basic conditions61.

2.3.3.3

Formic acid oxidation reaction (FAOR)

Formic acid, as a chemical fuel source, can also be applied to direct formic acid fuel cells.
In formic acid oxidation, it can be divided into two reaction pathways, one is the direct
dehydrogenation pathway (0.6 to 0.7 V), and the other is the indirect dehydration pathway
(0.9 to 1.1 V). Pt-based catalysts are one of the best catalysts for FAOR due to their
superior performance. Nevertheless, two major factors limit their applications. One is the
high cost of Pt metal, the other is carbon monoxide poisoning during FAOR. The generated
CO even in trace amounts will strongly adsorb on the surface of Pt NPs, which blocks the
active sites and leads to deactivation63, 64.
Pt SACs with the maximum atomic utilization efficiency greatly decrease the application
cost50,

65, 66

. Similarly, the generated CO poisoning in FAOR through the indirect

dehydrogenation pathway requires at least 3-4 continuous Pt atoms. Therefore, the COinduced catalytic deactivation should be greatly depressed on Pt SACs, as the Pt single
sites will only oxidize the FA through the direct pathway. Yang and co-workers
successfully synthesized Pt single atoms on TiN. In the FAOR, only one oxidation peak at
around 0.7 V can be found on 0.35% Pt/TiN which has the highest percentage of Pt single
atoms, while the other developed catalysts with more or less NPs showed two oxide peaks
at 0.7 and 1.0 V, indicating the Pt single atoms have a very high selectivity to catalyze the
FA into direct pathway without CO poisoning.50 Duchesne and co-workers using a
solution-phase synthesis method achieved a Pt-Au single alloy catalyst and test their
performance in FAOR65. In FAOR, the Pt4Au96 showed the best catalytic performance
compared with other PtAu and Pt/C catalysts. At 0.6 V vs RHE, the mass activity of Pt4Au96
is about 126 and 9 times higher than Pt78Au22 and Pt/C. It is worth noting that a significant
peak appeared at 0.85 V vs RHE on Pt78Au22 and Pt/C, which can be attributed to the
oxidation of adsorbed CO poisoning. However, the lack of this oxidation peak on the other
Pt-Au catalysts strongly indicated their high CO poisoning resistance, which may be the
reason for their high catalytic performance. In the theoretical calculation, they found the
intensity of near Fermi level DOS increased considerably with the lack of Pt-Pt bonds.
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They also observed a much weaker CO adsorption on the Pt single atom surface due to the
electronic effect and ensemble effect. This high CO poisoning resistance leads to the high
performance of Pt4Au96 in FAOR.

2.3.3.4

Oxygen evolution reactions (OER)

OER is the half-reaction of electrocatalytic water splitting, which is very kinetically
sluggish. In the OER theoretical calculation, the highest energy barrier is used as the rate
determine step to evaluate the catalytic activity of catalysts. In both acidic and alkaline
solutions, the OER is a four-electron reaction. The detailed reaction mechanism is shown
in the following equations below. However, the breaking of O-H and subsequent formation
of O-O are involved, which requires high overpotential to overcome the energy barrier.
Therefore, in order to address the bottleneck of water splitting, designing a highly efficient,
stable, and low-cost electrocatalyst for OER is greatly desired 67, 68.
Noble metal-based catalysts such as RuO2 and IrO2 show the best catalytic performance in
OER. However, the increasing price and low abundance on the earth hinder their largescale applications. What’s more, because of the high operating potential of OER, the
catalysts are very unstable and easily oxidized. For example, RuO2 will be oxidized to
RuO4 and then dissolved in the electrolyte. As a result, the catalytic activity will sharply
decrease and finally become inactive. Recently, some reported work showed the Ru and Ir
SACs have potential applications in OER due to the increased catalytic performance. For
instance, Luo and co-workers synthesized the Ir single atom anchored on 3D amorphous
NiFe nanowire@nanosheet. The NiFeIrx/Ni NW@NSs exhibited great catalytic activity in
OER, showing a current density of 10 and mA/cm2 at 200 and 250 mV in 1M KOH
electrolyte (Figure 2.9a). It also presented good stability without showing an obvious
activity decrease at 10 mA/cm2 over 12 h. The DFT results indicated the promoted activity
is due to the introduction of Ir single atoms69. The lower Gibbs free energy for the oxidation
of O* to OOH* on NiFeIrx/Ni than NiFe, which suggested the key reason for its high
performance. Apart from the Ir SACs, Ru SACs also exhibited comparable catalytic
performance. Cao et al. prepared a Ru SAC with Ru1-N4 site on nitrogen-carbon support.
The Ru1-N4 exhibited higher catalytic performance than RuO2 with an outstanding mass
activity (3571 A/gmetal) under 267 mV at a current density of 10 mA/cm2 (Figure 2.9b).
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Their operando XAS results demonstrated the adsorption of a single O atom on the Ru
single site during OER. The DFT further demonstrated the O-Ru1-N4 is the active site for
OER70. Yao and co-workers prepared a Ru1Pt3Cu single atom alloy catalyst, which
exhibited higher catalytic performance than other Ru or Ir counterparts (Figure 2.9c). At
0.1 and 10 mA cm-2, Ru1-Pt3Cu showed relatively lower overpotentials (Figure 2.9d).
After stability testing, they found only a slightly metal loss of Ru and Pt on Ru1Pt3Cu
through ICP-MS. Thanks to the high corrosion resistance, the Ru1Pt3Cu only exhibits a
2.1% activity decrease after 28 h long-term stability testing. However, the RuO2 showed
almost 100% metal loss through dissolution, thus leading to a significant activity decrease
even after only 2 hours. The DFT results indicated the strain effect optimized the electronic
properties and redox behaviors of Ru single atoms, which modulated the binding of O
intermediate species and promoted its activity and stability71.
Apart from the noble metal SACs, noble-free SACs also showed great performance in
OER. Chen and co-workers synthesized a singly dispersed Fe-Nx species on N and S codecorated hierarchical carbon layers. They further evaluated the S, N-Fe.N/C-CNT
catalyst’s OER performance in 0.1 M KOH. Compared with other counterparts (Pt/C and
N-Fe/N/C-CNT), the S, N-Fe.N/C-CNT exhibited a low overpotential (0.37 V) at a current
density of 10 mA/cm2+ (Figure 2.9e). The S, N-Fe.N/C-CNT also exhibited an outstanding
ORR performance72. Zhang and co-workers prepared Ni single atoms on defective
graphene using an acid-leaching process. Interestingly, the Ni-C configuration was directly
observed by the HADDF-STEM technology. The Ni SAC showed high catalytic activity
and stability for OER, in which the TOF at 300 mV is as high as 13.4 s-1 (Figure 2.9f).
XAS and DFT confirmed the unique structure of Ni1 atoms in the defect of graphene, which
optimized the reaction energy barrier of OER73.

34

Figure 2.9 (a) OER polarization curves of NiFe/Ni, NiFeIr0.02/Ni, NiFeIr0.03/Ni, and
NiFeIr0.05/Ni NW@NSs catalysts69. (b) Electrocatalytic OER performances of the Ru-N-C
and commercial RuO2/C in 0.5 M H2SO4 electrolyte70. (c) LSV curves of Ru1-Pt3Cu, Ru1PtCu, Cu@Ru1-Pt3Cu, and reference samples in an O2-saturated 0.1 M HClO4 aqueous
solution. (d) Overpotential to reach 0.1 mA / cm2 and 10 mA / cm2 for the catalysts.71 (e)
IR-corrected OER polarization curves of S, N-Fe/N/C-CNT, N-Fe/N/C-CNT, S, N-C-CNT
samples, and commercial Pt/C, in 0.1M KOH solution98. (f) OER polarization curves of
DG, Ni@DG, A-Ni@DG, and Ir/C performed in 1 M KOH electrolyte73.

2.3.4

Summary and perspective

SACs with their maximum atomic utilization efficiency and unique coordination
environment, lead to their extraordinary catalytic activity and selectivity in electrocatalysis.
Regarding their superior catalytic performance, increasing the stability of SACs is an
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urgent need. We highlight most of the synthesis strategies to achieve stable SACs. For
example, spatial confinement decreases the mobility of single atoms, proximal site
modification leads to the strong bonding between single atoms and their neighboring atoms,
thermal treatment on SACs which have special supports result in thermally stable SACs
and stabilized single atoms through EMSI. In addition, the summary of the application of
SACs in electrochemical reactions, including ORR, HER, FAOR, OER, CO2RR, and
N2RR are also provided in this chapter.
Although SACs showed much improved catalytic performance over traditional
electrocatalysts, it is still far from the target for practical application. The promising aspects
are listed below for future research:
(i) For practical applications: increasing the loading and scale-up synthesizing
The loading of SACs is measured using inductively coupled plasma (ICP) analysis, which
can identify the loading amount of elements in samples. Depending on different detection
methods, they are divided into ICP Optical Emission Spectroscopy (ICP-OES), ICP Mass
Spectrometry (ICP-MS), and ICP Atomic Emission Spectroscopy (ICP-AES). Due to the
high surface free energy of SACs, the metal loadings of SACs are kept low in order to
reduce aggregation. Still, most SACs cannot be achieved in industrial production but only
at laboratory scale, which limits their commercial applications. As a result, increasing the
loading and scaling up the synthesizing of SACs can be quite challenging. The interaction
between single atoms and the substrate is one of the most important factors to achieve high
loading SACs. With the increased interaction, the single atoms will be trapped or stabilized
on the support through EMSI or SMSI. In this case, the mobility of single atoms will be
sharply reduced, thus limiting the possibility of aggregation. In other cases, during the
synthesis process, the ligand of the metal precursor will detach from the center metal,
therefore, the ligand-free species may form clusters and NPs. Therefore, developing and
finding suitable substrates is critical to increasing the loading of SACs. Besides, efficient
and suitable synthesis methods are also important to increase the loading and scale-up
synthesizing of SACs. Very recently, some reported references showed the strategies to
scale up the synthesis of SACs. For instance, mixing Ni salt with activated carbon black,
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gram-scale Ni SACs can be achieved by ion adsorption74. A “precursor-dilution” strategy
can achieve kilogram-scale noble metal SACs74,

75

. These methods would be very

promising for scaling up the production of SACs.
(ii) Beyond the single atom: dimeric or diatom catalysts
Because of the unique local structure of SACs, their electronic properties are tremendously
affected by their neighboring atoms. Thus, modifying their most closely neighboring sites
may lead to favorable geometric and electronic effects. One of the most promising ways is
to introduce another single atom, which would form a dimeric or diatom structure. Because
the second atom will bond with the first atom through the direct metal-metal bond or the
indirect bonding through the bridge atoms, the modulated charge transfer between two
single atoms should lead to a high catalytic activity by optimization of the adsorption of
reactants. Due to the strong interaction between the two single atoms, the stability of said
catalyst would also be improved. However, getting high purity dimers is very challenging.
There are two ways which can be considered to increase the proportion of dimers. The first
one is to directly use the precursors which are already in a dimeric state. For example, Zhao
and co-workers successfully achieved Ir2 diatom catalysts using Ir homo-dimers76. The
other method is to selectively deposit the second metal onto the first achieved single atoms.
However, this method specifically requires that the second metal cannot be deposited on
the substrate. Therefore, the selection of substrate is quite important. Recently, Pt2 and PtRu dimers have been successfully achieved by ALD, which can be a promising method to
synthesize dimers77, 78.
(iii) A Deeper understanding of SACs in electrochemical reaction: in-situ or operando
XAS study
SACs have seen sufficient development in recent years, including the elements from noble
metal to non-noble metal, gas-phase reaction to electrocatalysis, and low loading (less than
1 wt%) to high loading (more than 5 wt%). Although there are lots of theoretical
calculations towards understanding the behavior of SACs under reaction, direct
observation of the chemical state of SACs is still lacking. Insight into the real behavior of
SACs under realistic reaction will give us the opportunities to understand the catalysis
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mechanism for the rational design of SACs. In-situ or operando techniques such as in-situ
or operando XAS study can be a very promising technique to study the real reaction
behavior of SACs, especially for electrochemical reactions. For example, some work
related to the in-situ or operando XAS on SACs showed that the valence states of SACs
differ from the ex-situ cauterization, and the local structure is highly depended on the
reaction conditions79. Therefore, unveiling the "real-world“ of SACs through in-situ or
operando investigations is highly desired.
So far, although SACs have seen plenty of growth during the past few years, SACs still
have broader development, especially in electrocatalysis, with a focus on understanding
the performance mechanisms and industrial scaling. We believe that with unceasing effort,
the practical application of SACs will come true in the future.

2.4 Progress of dual-site atomic catalysts
2.4.1

Introduction of dual-site atomic catalysts

Atomically dispersed metal catalysts with the unique isolated active center have attracted
great interest due to the maximum atomic utilization efficiency and unique coordination
environment. These SACs became the frontier and hot research area in the past decade24,
80

. They are widely applied in various catalytic reactions, including hydrogenation81-83,

dehydrogenation43,

84

, oxidation20,

85, 86

, electrocatalysis14,
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, photocatalysis87,

88

, etc.

reactions. However, although SACs show great applicable potentials, some chemical
reactions are not able to be catalyzed by SACs and reach the satisfied results89,

90

.

Therefore, the improvement of SACs is highly demanded to meet the high requirement of
catalysis. Because of the unique local structure of SACs, their electronic properties are
tremendously affected by their neighboring atoms80. Thus, modifying their most closely
neighboring sites by introducing another single atom may lead to favorable geometric and
electronic effects. This kind of ultra-small aggregates which have several atoms could
interact with the first atom through the direct metal-metal bond or the indirect bonding
through the bridge atoms. This synergistic effect may modulate charge transfer between
two single atoms and lead to a high catalytic activity by optimization of the adsorption of
reactants.
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Figure 2.10 Illustration of the characterizations, synthesis, and applications of dimeric
site catalysts.
Recently, several dimeric catalysts with Homo- and hetero pairs have been successfully
achieved91 and applied in different research fields, such as electrocatalysis78,
hydrogenation92, and other reactions84. The rising star of dimeric catalysts exhibited
improved catalytic activity than the SACs, which would be very promising for future
practical applications. Therefore, the understanding of dimeric metal catalysts regarding
the synthesis strategies and applications is critical for the development of dimers.
Unfortunately, summarizing the progress and challenges for dimers would be timely but
rarely been reviewed. We will first briefly introduce dimers towards the comparison with
SACs and the challenges that remained. Then we will summary the synthesis strategies and
the characterization tools for dimers. Next, we will summarize the applications of dimers,
including electrocatalysis and heterogeneous catalysis. Finally, the outlook for dimeric
catalysis will also be present (Figure 2.10).
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2.4.2

Comparison with SACs and challenges of dual-site catalysts

The most prominent feature of SACs compared with traditional nanoparticle-based
catalysts is their ubiquitous single-atomic site. Actually, for the supported SACs, the
central metal single atoms are more or less bonded with the atoms from the substrates,
which could be metal-free atoms such as C, N, S, etc..35, 93. Single-atom alloys are another
type of SACs, in which the single atoms are bonded with the metal atoms from the metal
support and form the metal-metal coordination82, 94. Therefore, the single atoms are not
alone, as they cannot be isolated displayed. Compared with these SACs, the dimeric
catalysts are similar as the active sites of dimers are two metal atoms that are isolated metal
centers. However, the dimers are also different from SACs. Despite the various
coordination sites of SACs, the single unit is based on the single atom, while the unit of
dimers is made up of two metal atoms. In this two-atom unit, both the two atoms have a
highly unsaturated coordination environment, thus, the perturbation between two metal
atoms on dimers would be more significantly through synergetic effects than SACs. In the
past five years, several dimeric catalysts have been successfully achieved (Figure 2.11).
Although the dimers show great catalytic potentials, some challenges limited their
applications and need to be addressed: (a) the most challenging one is to synthesize the
dimeric catalysts with uniform paired dimers rather than the mixture present of dimers and
single atoms. This raises a highly efficient synthesis strategy to achieve identical active
dimeric sites, which should remain the dispersion state under the entire catalysts’
preparation processes; (b) Among the literature, the achieved dimers are highly dependent
on the selection of metal precursors and substrates in the synthesis methods. These strict
requirements limited the wide application of dimers. For example, the oxide-supported
dimers are not suitable for electrochemical reactions due to their low conductivity.
Therefore, developing a general strategy to obtain dimers is critical to extending their
applications; (c) the “friendly” characterization tools are also highly required for dimers.
Characterization techniques such as high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), Fourier Transform Infrared Spectroscopy (FT-IR),
X-ray absorption spectroscopy (XAS) are used in the reported literature for dimers, but all
of them caused the unstable issues of dimers. Under the characterization by HAADF-
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STEM, the paired metal atoms are broken and lead to the formation of NPs or single atoms
due to the high energy density of the electron beam. This situation may also occur in the
XAS characterization when the dimeric catalysts expose to the high energy of photon
electrons and beam damage might happen. The FT-IR is always combined with CO which
is a probe molecule to verify dimers. However, the reaction with CO and ligands on dimers
takes place, thus destroying the paired structure of dimers. Therefore, these
characterization tools for dimers cause irreversible structure changes and result in
ambiguous morphology, electronic properties, and local coordination information.

Figure 2.11 Timeline of important breakthroughs in the synthesis of dimeric catalysts.

2.4.3

Synthesis strategies

Up to now, there are several synthesis methods for dimers. Depending on the formation of
dimers, the methods can be divided into direct and indirect ways. The direct way is
anchoring the dinuclear organometallic precursors on the substrate and then remove the
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coupling ligands. The indirect way can also be divided into two parts. The first one is to
synthesize the dimers via coordination effects between different metal ions within the
confined space. After further treatment, the dimers will be achieved. Another indirect
method is to obtain dimers from single atoms, which needs special requirements for the
controllable nucleation process.

2.4.3.1

Dimeric complex chemisorption

The dinuclear organometallic precursors are those dimer complexes that already have
metal-metal bonds. Therefore, the simplest and most direct way is to support these
precursors onto the substrate through adsorption. Yang and co-workers successfully Rh
dimers on the highly dehydroxylated MgO using Rh2(acetate)4 as the precursors (Figures
2.12a and b)95. The EXAFS results indicated that one of the acetate ligands of Rh2 complex
after chemisorption is lost. It is probably due to the reaction with the support OH groups
on MgO substrate based on the IR results. However, the achieved Rh dimers are not that
stable, with the more time of CO treatment, a higher proportion of Rh dimers will be broken
into Rh monomers. This fragmentation also occurred in the treatment of C2H2 and helium
as well. Interestingly, these Rh dimers are stable under the H2 atmosphere, therefore it is
suitable for hydrogenation reactions. In their following work, more stable Ir dimers on
MgO support were achieved using Ir2(μ-OMe)2(COD)2 (OMe: methoxy; COD:
cyclooctadiene) as the precursors92. The formation mechanism is likely the Ir complex
reacts with the OH group from the MgO surface (Figures 2.12c and d). The blue-shifted
C-H vibration band of the MgO-supported Ir dimers indicated the MgO support is acted as
a ligand to replace the methoxy groups. The Ir dimers showed high stability in CO, H2, and
C2H4 + H2 atmosphere at the temperature window from 298 to 353 K. Another Ir dimer
example can be found from Zhao and co-workers’ work, in which the Ir dimers were
supported on α-Fe2O3 using [Ir(pyalc)(H2O)2(μ-O)]22+ (pyalc: 2-(2’pyridyl)-2-propanolate)
as the precursors (molecular) (Figure 2.12e). X-ray photoelectron spectroscopy (XPS) and
electron energy loss spectroscopy (EELS) results indicated the lack of N signals, which
demonstrated the successful removal of pyridyl ligand by the photochemical treatment.
Experimental and theoretical results indicated the OH-terminated surface of α-Fe2O3
provides the high stability of Ir dimers.
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Figure 2.12 Structure of (a) Rh2(OAc)4 precursor and (b) simplified structural model of
MgO-supported species formed from Rh2(OAc)4 with the loss of one acetate ligand. Red,
O; green, Mg; blue, Rh; light gray, C; white, H95. Model of iridium pair sites on MgO. Side
view (c) and top view (d) of Ir2O2(COD)2 bonded to a (MgO)25 cluster92. (e) The synthesis
procedure of Ir DHC76.

2.4.3.2

Coordination effects

Apart from directly using the dinuclear complex to achieve dimers, the specific interaction
between metal precursors and functional groups through the coordination effects also
benefits the rational designing of dimers. For example, Lu et al. reported a competitive
complexation strategy to synthesize ZnCo dimers on N doped carbon96. As shown in
Figure 2.13a, the Co2+ and Zn2+ are coordinated with the -NH2 and -OH groups from the
chitosan chains. This competitive complexation process makes the homogeneous
distribution of Zn/Co. After the pyrolysis and etching process, a uniformly dispersed
bimetallic Zn/CoNx-C was obtained.
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Figure 2.13 (a) Illustration of the formation of Zn/CoN-C 96. (b) Preparation of (Fe, Co)/NC97. (c) Schematic illustration of the synthetic procedure of W-Mo dimers98.
Metal-organic frameworks (MOF) based materials show promising application in the
synthesis of dimers catalysts due to their high surface area and more importantly the
confined space97, 99, 100. Wang and co-workers firstly achieved the FeCo dimers with the
help of MOFs97. In their work, the ZIF-8 structure liked Co2+ and Zn2+ nodes with 2methylimidazole were used as the host to adsorb the Fe ions which were acted as the guest.
The Fe3+ ions are encapsulated into the cavity. The obtained materials were further treated
in the pyrolysis process, in which the adsorbed Fe species catalyze the formation of Ndoped graphene and simultaneously reduced by the neighboring Co atoms. In the high-
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temperature pyrolysis process, the Zn species are evaporated and the N-coordinated Fe-Co
duals sites are formed (Figure 2.13b).
Another approach for the synthesis of dimers regarding the advantage of coordination
effects is to use polyoxometalates which is a special class of metal oxide anion nanoclusters
as the metal precursors. In Yang and co-workers’ work, a W1Mo1 dimeric electrocatalyst
was achieved through a controllable self-assembly nitridation process98. As shown in
Figure 2.13c, the solution which contains the W and Mo precursors are mixed with
graphene oxide (GO) in water and was further sonicated. The W-Mo pairs were formed
under the hydrothermal treatment. During the hydrothermal process, the protonated
carbonyl and epoxy species on GO were removed, thus leading to the formation of
positively charged partially reduced GO (p-RGO). Simultaneously, the W-Mo species
obtained from the self-assembly of the Mo quo ligands [MoO4(H2O)2]2- and W anion
[WO3(OH)]- with dehydration. Due to the negative nature of W-Mo dimer anions, it was
electrostatically adsorbed by the positively charged p-RGO sheets. After the drying and
CVD process, the W1Mo1-NG dual-atom catalyst was achieved.

2.4.3.3

From single atoms to dimers

If simplified the structure of the dimer, is made up of two single atoms. Therefore, the
dimeric catalysts derived from the “one plus one” concepts using single atoms could be
possible. Paolucci and co-works reported that the O2 mediated copper pairs were formed
from the travel of Cu ions through the zeolite cages in the selective catalytic reduction
(Figure 2.14a)101. Interestingly, the formation of Cu pairs from Cu single atoms was
reversible.
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Figure 2.14 (a) Proposed low-temperature selective catalytic reduction catalytic cycle101.
(b) Schematic illustration of the bottom-up synthesis of dimeric Pt2/graphene catalysts84.
(c) Pt-Ru dimers on nitrogen-doped carbon nanotubes78. (d) Proposed schematic diagram
of Pt1-O2-Fe1-N4-C12 as the active moiety of Pt1@Fe-N-C102.
Besides the transient Cu pairs under reactions, the stable dimers can be achieved “bottomup” method. Atomic layer deposition (ALD) which relies on two sequential self-limiting
surface reactions can preciously control the size of metal species, thus offering the
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opportunities to synthesize controllable dimers. Yan and co-workers successfully achieved
stable Pt dimers on graphene using ALD84. They firstly controlled the type and number of
functional O species which are the anchor sites of Pt ALD precursors on graphene through
the thermal treatment. Pt single atoms were obtained after performing one cycle of Pt ALD
and followed with O2. Based on the “self-limiting” principle, all the exposed O species on
graphene are consumed by the Pt precursors, which hindered the reaction from extra Pt
precursors. However, when the O2 was introduced to remove the ligand of Pt precursors,
the O species formed on the terminal sites of Pt single atoms, which are the new nucleation
sites for Pt ALD. After that, when the second Pt ALD was performed, the O-mediated Pt
dimers were obtained (Figure 2.14b). Using a similar strategy, Zhang et al. extended the
type of dimers from homo-pairs to hetero-pairs by ALD78. They found the deposition of
Ru on N-doped carbon nanotubes (NCNT) is very difficult, while the Pt single atoms were
easily obtained on the same substrate after Pt ALD. Therefore, they first conducted the Pt
ALD on NCNT. The as-prepared Pt single atoms became the anchor sites of Ru. Followed
performing Ru ALD on Pt single atoms, a Ru-Pt dimer was achieved (Figure 2.14c). Apart
from the ALD method to get dimers, Zeng and co-workers reported a “single atom to single
atom” grafting method to achieve a Pt1@Fe-N-C dimer Figure 2.14d)102. In their work,
the Fe-N-C catalyst was used as the based materials, then purified with acid to achieve Fe1N4 moieties. Then, the diluted H2PtCl6 which is the Pt precursor was mixed with Fe1-N4 in
water. The Pt species adsorbs on the Fe sites and the Pt1@Fe-N-C dimers were obtained
after calcination.

2.4.4

The applications in electrochemical reactions

The dimer catalysts exhibit unique and unexpected properties in several electrochemical
reactions, which make them particularly attractive as catalysts. The electrochemical (ORR)
has gained a lot of attention owing to its significant application in the fuel cell area.
Nonprecious single atomic metal catalysts with M-N-C coordination are a new type of
effective catalysts as possible alternatives to Pt103-108. Recent studies revealed that catalysts
with bimetallic sites can further enhance the catalytic activity for ORR99,

100, 109

. For

example, Xiong et al. precisely tuned the number of Fe atoms (1-3) in clusters anchored on
N-doped carbon, providing a platform for investigating ORR catalyst design at the atomic
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level100. In the ORR test, the Fe2 dimer on N-doped carbon display a half-wave potential
of 0.78 V with and improved durability with only a 20 mV shift after 20,000 cycles in 0.5
M H2SO4 solution (Figures 2.15a and b). In addition, heteronuclear bimetallic sites were
also developed for further improvement of ORR performance. For instance, Sun and Zhao
constructed a novel electrocatalyst with Zn-Co atomic pairs coordinated on N doped carbon
support (Zn/CoN-C) by using chitosan used as C and N sources and zinc chloride and
cobalt acetate as metal precursors96. The Zn/CoN-C catalyst exhibits outstanding ORR
performance in both alkaline and acid conditions with a half-wave potential of 0.861 and
0.796 V, respectively (Figures 2.15c and d). DFT calculation and XAS results show that
the bimetallic sites offer the enhanced binding ability of O2, significantly elongates the OO length, and thus facilitates the cleavage of O-O bond. Li et al. created Fe-Co dual sites
embedded on N-doped porous carbon through a host-guest strategy. Thanks to the strong
binding of O2 on Fe-Co dual sites and low activation barrier for hydrogenation of the
adsorbed OH to H2O, the Fe-Co catalysts exhibit the onset potential of 1.06 and half-wave
potential of 0.863 V, which are better than commercial Pt/C (Figures 2.15e and f)97.
Furthermore, this catalyst exhibited higher power density and better long-term stability test
in H2/air fuel cell compared with most reported Pt-free catalysts110.
In addition to the effectively enhanced activity for ORR, several catalysts exhibited good
bifunctional oxygen electrocatalysis performance. Li and co-workers constructed atomic
Co/Ni dual sites in N-doped porous Janus-like carbon frameworks as efficient
electrocatalysts for both ORR and OER111. The DFT calculation results indicate that, with
the introduction of Ni, the Ni-N bonds have an obvious covalent character and can increase
the electronic activity of N atoms. In ORR, the catalysts exhibited an onset potential of
0.93 and 0.86 V and a corresponding half-wave potential of 0.84 and 0.73 V in both alkaline
and acid media, respectively. In OER, this catalyst provides an onset potential of 1.54 V
vs. RHE and generates a current density of 10 mA cm-2 at a potential of 1.59 V. Zeng et al.
reported a new modulation strategy to the active moiety Fe-N4 via grafting of a Pt atom
onto the Fe center through a bridging oxygen molecule, creating a new active moiety of
Pt1-O2-Fe1-N4102. With the introduction of Pt atoms, the Fe-N-C exhibits remarkably
improved ORR stabilities in acidic media due to the protection of Pt1-O2-cap to the Fe
atom. Furthermore, this Pt1@Fe-N-C exhibited a high OER activity with onset potential
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1.33 V and overpotential 310 mV at 10 mA cm−2, which is better than RuO2, due to the
significant synergy in the new active moiety.

Figure 2.15 (a and b) ORR polarization curves, specific activity at 0.75 V and half-wave
potential of the Fe1-N-C, Fe2-N-C, and Fe3-N-C in reference to N-C and Pt/C in O2saturated 0.5 M H2SO4 solution100. (c and d) ORR polarization curves, limit current density,
and half-wave potential for Zn/CoN-C catalysts in O2-saturated 0.1m KOH solution96. (e
and f) ORR polarization curves, specific activity, and half-wave potential of the (Fe,
Co)/N-C, Co SAs/N-C, Fe SAs/NC, and Pt/C in O2-saturated 0.1 M HClO497.
Platinum (Pt)-based catalysts are generally considered to be the most effective
electrocatalysts for the HER. With the formation of Pt single atoms, the mass activity can
be promoted by several times compared with commercial Pt/C, which can markedly
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decrease the Pt loading and increase the catalyst utilization efficiency93,

112, 113

.

Furthermore, the electronic structure of Pt can be significantly tuned with the formation of
a bimetallic dimer structure. Sun et al. report an ALD route to prepare Pt–Ru dimers on
nitrogen-doped carbon nanotubes (NCNT). The Ru atoms can be selectively deposited onto
Pt, forming the Pt-Ru dimers. The as-prepared Pt–Ru dimers show much higher mass
activity (50 times) and significantly improved stability compared with commercial Pt/C
catalysts for HER (Figures 2.16a and b)78. Density functional theory (DFT) calculation
results indicate that the Pt atom strongly affects the electronic structure of the Ru atom,
where the bimetallic dimer proceeds metallicity to covalence transformation, which results
in the high HER performance (Figure 2.16c). Yao and co-workers prepared an atomic Co
and Pt co-trapped carbon catalyst, which exhibits an ultrahigh activity for HER in the wide
range of pH. The Pt-Co catalysts achieve the mass activity of 224 and 45 Amg-1 at the
overpotential of 70 mV in acidic and alkaline media, respectively (Figures 2.16d and e).
DFT results indicated that the tailored charge polarization around atomic Co tunes the
adsorption of H*, therefrom reducing the Gibbs free energy change of the intermediate114.
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Figure 2.16 (a) The HER polarization curves recorded on Pt–Ru dimers, Pt single atoms,
and Pt/C catalysts. (b) Normalized mass activity at 0.05 V of Pt–Ru dimers, Pt single atoms,
and Pt/C catalysts. (c) The atom structures of different H adsorption along with the
adsorption energies on the Pt-Ru dimers78. (d and e) The HER polarization curves of CoNC, CoPt-NC, and Pt/C for HER in 0.5 M H2SO4 and 1 M KOH electrolyte114.
Bimetallic catalysts have also emerged as a promising group for CO2 electroreduction,
which could not only curb the excessive CO2 emission but also act as a promising way for
value-added chemicals. Jiao and co-workers stabilized Cu10-Cu1x+ pairs by the Te surface
defects on Pd10Te3 alloy nanowires. In the atom-pair structure, Cu1x+ can adsorb H2O and
the neighboring Cu10 prefers to adsorb CO2, which thereby promotes CO2 activation115.
This catalyst exhibited a Faradaic efficiency (FE) for CO generation above 92%, with the
competing HER almost completely suppressed. Experimental characterization and density
functional theory revealed that the adsorption configuration reduces the activation energy,
which generates high selectivity, activity, and stability under relatively low potentials.
Gong et al. prepared Zn-Co monomers for promoting CO2 electroreduction to CO with a
faradaic efficiency of 93.2% at -0.5 V during a 30-hours test116. The XANES and EXAFS
spectra indicated the electronic effect between Zn/Co monomers. The DFT calculation
demonstrated that the *COOH adsorbs on Co sites and converted to *CO, then *CO
transfer to Zn sites and desorb from Zn during the CO2 reduction process. Ren and coworkers fabricated isolated diatomic Ni-Fe sites anchored on nitrogenated carbon as an
efficient electrocatalyst for CRR. They found that the reaction barrier for the CO
production decreases significantly in the Ni-Fe dual center in comparison to the simplex
Ni or Fe center. The Ni/Fe-N-C exhibited a high Faradaic efficiency of 98% at -0.7 V,
which is the noble metal-like performance117.
In addition to the synthesis and characterization of dimer catalysts, several studies focused
on the simulation of the performance of dimers by DFT calculations118-121. For example,
Li et al. used large-scale screening-based DFT and microkinetic modeling to identify the
performance of metal dimers (Cu2, CuMn, and CuNi) in CO2RR119. They found that Cu2 is
active toward CO production which is similar to Au electrodes. With the formation of CuMn and Cu-Ni bonds, the product tends to be CH4 and CH3OH, respectively. Zhao and co-
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workers studied the possible pathways for CO2RR on copper dimer supported on C2N
layer121. The Cu2@C2N exhibits a high selective generation of CH4 rather than CH3OH.
Shen et al. investigate the CO2RR of expanded phthalocyanine sheet with 3d transition
metal dimers as active centers and find Mn2-Pc sheet to be the best electrocatalyst for
CH3OH production among all the candidates120.

2.4.5

Summary and outlook

In this part, we first introduce the development of dimeric catalysts and further compared
the similarities and differences between dimers and SACs. The advantages and
disadvantages among there were also compared. We then reviewed the reported catalysis
field using dimeric catalysts.
Despite there are great challenges that remained for the application of dimers, but we
believe the dimers will have a great future with the rapid development of synthesis methods
and characterization techniques. Here, we propose several suggestions, which could be a
benefit for future research of dimers.

Figure 2.17 (a to c) Models of zeolite LTL with various pores28. (d) Ir L3-edge spectra of
0.0025% Ir/MgAl2O4 (SAC) under He after CO reaction conditions (1 kPa CO and 8 kPa
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O2) at 100 °C (green), followed by flowing 2 kPa CO at the same temperature (magenta),
and then flowing 1 kPa CO and 8 kPa O2 again at 100 °C (blue)

122

. (e) Plots of

[Pt2+]t/[Pt2+]500 and [(Pt0)m]t/[(Pt0)m]6000 as a function of the reduction time123. (f)
Aberration-corrected HAADFSTEM images of Ru3/CN. (g) Corresponding intensity maps
(left) and models (right)
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. (h) Optimized structure of ZSM-5 unit cell with trinuclear

[Cu3(μ-O)3]2+ located at γ cationic site and the respective local structure of trinuclear Cuoxo cluster in low-spin (S = 1/2) electronic configuration125.

2.4.5.1

Spatial confinement strategy for dimers.

The biggest challenge for the synthesis of dimers is to achieve uniformly and high
proportional pair metal sites. Ideally, using the dinuclear metal complexes is supposed to
be the best way to achieve dimers, as the precursors are in the dimeric state at the initial
stage. However, the ligands of the complex are easy to detach either in the synthetic process
or during the catalytic reactions. These intermediates that lose ligands tend to split into
single atoms or aggregating to NPs. Considering the similarities between SACs and dimers,
some of the advanced synthesis strategies for SACs can also be applied to dimers. In the
synthesis of SACs, the substrates such as MOFs and zeolites show their great potentials to
stabilize single atoms. The nano cages liked pores in these substrates play a vital role in
the synthesis of SACs, which can trap the ionic salt of precursors. For example, Kistler and
co-workers demonstrated that the distributions of [Pt(NH3)4]2+ complexes are highly
dependent on the pore size of the zeolite LTL, where 66% of precursors were located in
the largest pores (D sites). The smaller-sized pores which contain A/B and C/E sites have
23 and 11% Pt complexes, respectively28 (Figures 2.17a to c). Therefore, preciously
controlling the sizes of the pores of these templates could be very promising to achieve
stable dimers. If the space of the pores can well match the size of the used dinuclear
precursors, the dimeric sites will be confined. These special pores act like nanocages,
which can not only capture the dimeric species but also strongly reduce the mobility of the
paired metal sites. Although part of bimetal complexes decomposes into single atoms, they
can further disperse into the specialized pores and form the coupled single-atom sites.
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2.4.5.2

Combination of advanced in-situ/operando XAS techniques
for a deeper understanding of dimers.

Among the reported characterization techniques for dimers, synchrotron-based XAS has
irreplaceable advantages, which provide both the electronic properties and coordination
information of interest active centers. Therefore, using the advances of in-situ/operando
XAS techniques would benefit to get a deeper understanding, including the identification
of active sties and dynamic structure reforming of dimers. Lu and co-workers successfully
applied the in-situ high-energy-resolution fluorescence-detected (HERFD) XANES for Ir
SAC122. The spectra demonstrated the Ir(CO)(O) species are stable under the He/O2
atmosphere, while spectra shifted when the CO was introduced, indicating the removal of
partially oxidized Ir carbonyl feature. Notably, the spectrum shifted back when dosing O2
(Figure 2.17d). These results clearly identify the active nature of Ir single atoms.
Therefore, this kind of in-situ/operando HERFD-XANES study can be extended to dimers
for understanding the active sites and electronic properties of dimers under realistic
reactions. Apart from the XANES spectra, the extended X-ray absorption fine structure
(EXAFS) analysis is also important for the understanding of the local coordination
information of catalysts. Because the structural reforming usually occurs on dimers in the
synthesis and reaction processes, the realistic local structure is ambiguous. Unfortunately,
the normal EXAFS cannot track these fact dynamic structural changes. Harada and coworkers showed that the in-situ quick XAFS (QXAFS) technique could be one of the most
suitable tools to solve these issues123. Their results indicated the Pt0 nucleates were
continuously processed in the reduction-nucleation process at the early stage and aggregate
to NPs through the catalyzing of Pt ionic species with the help of the surface of the Pt
nucleus (Figure 2.17e). As a result, the QXAFS provides a way to investigate the dynamic
structural changes of dimers under realistic reactions, which would be important for
synthesizing advanced dimeric catalysts.

2.4.5.3

Trimers and more atoms component ultra-small
aggregates.

The dimers show distinctive catalytic behaviors to SACs, it could be attributed to the strong
perturbation from the second metal single atom. If the dimers can be regarded as the adduct
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of two single atoms, the combination of single atom and dimers to form trimers and even
the ultra-small aggregates with several atoms could be feasible. Because of the strong
interaction between the isolated atoms, the catalytic properties could be significantly
modulated. Some of the reported work showed the great catalytic applicable potentials of
trimers124-126 (Figures 2.17f to h). Although the preparation of these ultra-small aggregates
remains a great challenge, which requires preciously controlling the nucleation process, we
believe it is overcome by the wisdom of researchers.
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Chapter 3
Experimental
Techniques

3

Apparatus

and

Characterization

In this chapter, the materials synthesis, characterization techniques, as well as catalytic
electrochemical evaluation characterizations are listed here.
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3.1 Experimental apparatus
3.1.1

Fabrication of N-doped carbon nanotubes

The N-doped carbon nanotubes (NCNT) were synthesized through a chemical vapor
deposition (CVD) method. A home-built CVD equipment was used for preparation (Figure
3.1). Firstly, the precursors were prepared by placing 200mg of ferrocene, and 10mL of
acetonitrile in the glass vial 1 (precursor A); 2g of imidazole, and 10mL of acetonitrile in
the glass vial 2 (precursor B). Then the alumina boats were bent together by the copper
wire and put into the glass tube. Then the glass tube was put into the vertical CVD furnace.
After intruding the Ar, the furnace was turned on and set the temperature to 850 ºC. Then
the precursor A was injected through an ultrasonic spray at the rate of 0.2 mL/min for 3-5
min. Then similar process for injection the precursor B for 30-35 min. After cooling to
room temperature, the NCNT will be obtained after scraping the materials from the
aluminum boat. As they are Fe nanoparticles in the NCNT, acid pretreatment was also
performed before further catalyst preparation.

Figure 3.1 Vertical furnace used for NCNT through CVD method.
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3.1.2

Fabrication of N-doped carbon nanosheet

The synthesis method for the N-doped carbon nanosheets is based on a previous report1
but with some modification. Typically, 500 mg g-C3N4 was mixed with 2.16 g glucose and
dispersed in 40 mL of deionized water under sonication for 5 h. After that, the suspension
was transferred to a Teflon autoclave and heated at 140 °C for 11 h in an oven. The product
was collected by centrifugation and washed with water and ethanol several times, then
dried under vacuum at 60 °C overnight. After that, the dried powder was heated up to 900
°C in Ar at a rate of 5 °C/min and maintained at this temperature for 1 h to achieve the Ndoped carbon nanosheet (NCNS).

3.1.3

Atomic layer deposition of various oxide on NCNT

The deposition of various oxides is conducted in a viscous flow reactor (Savannah 100,
Cambridge Nanotechnology Inc., USA) (Figure 3.2).

Figure 3.2 Savannah 100 ALD system.
TiO2 ALD was conducted on NCNT at 150 °C by alternatively exposing titanium
isopropoxide (TTIP, 99.7%, Sigma-Aldrich) and Millipore water for varying numbers of
ALD cycles. The TTIP precursor was heated to 70°C to get a reasonable vapor pressure,
while the water source was kept at room temperature. The delivery line was heated up to
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110 °C to avoid any condensation. The timing sequence of one cycle of TiO2 ALD was 1,
5, 1, and 10 sec for TTIP exposure, N2 purge, water exposure, and N2 purge, respectively.
NbOx ALD was conducted at 235 °C using niobium ethoxide [Nb(OEt)5, Et = -CH2CH3,
and H2O were used as the precursors. The Nb(OEt)5 precursor was heated to 170°C to get
a reasonable vapor pressure, while the water source was kept at room temperature. The
timing sequence of one cycle of TaOX ALD was 1, 3, 1, and 10 sec for Nb(OEt)5 exposure,
N2 purge, water exposure, and N2 purge, respectively.

3.1.4

Atomic layer deposition of Pt on NCNT and NCNS

The deposition of Pt is conducted by ALD (Savannah S200 G2, Cambridge
Nanotechnology Inc., USA) using trimethyl(methylcyclopentadienyl)-platinum (IV)
(MeCpPtMe3) and O2 as precursors. High-purity N2 (99.9995%) was used as both a purging
gas and carrier gas as shown in Figure 3.3. The deposition temperature was kept at 150
°C, while the container for MeCpPtMe3 was heated to 65 °C to provide a steady flux of Pt
to the reactor. The manifold was kept at 115 °C to avoid any condensation2,3. The timing
sequence of one cycle Pt ALD was 15s and 30s for MeCpPtMe3 exposure and N2 purge
respectively. Subsequently, the ALD chamber was heated up to 250 °C, with 30s O2
exposure and 30s N2 purge to remove the ligand. The deposition temperature for Pt NPs
was conducted at 250 °C with two Pt ALD cycles, the time sequence for each cycle was
15, 30, 30, and 30s for MeCpPtMe3 exposure, N2 purge, O2 exposure, and N2 purge,
respectively.
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Figure 3.3 Savannah S200 G2 ALD system.

3.1.5

Atomic layer deposition of Fe, Co, and Ni single atoms and
nanoparticles on NCNS

The precursors used for Co, Fe, and Ni are Ferrocene (Fe(Cp)2), Cobaltocene (Co(Cp)2),
and Nickelocene (Ni(Cp)2). High-purity N2 (99.9995%) was used as both a purging gas
and carrier gas. The deposition temperature was kept at 250 °C, while the container for
M(Cp)2 was heated to 90 °C to provide a steady flux of precursor to the reactor. The
manifold was kept at 140 °C to avoid any condensation. The timing sequence of one cycle
M (M = Fe, Co, and Ni) ALD was 15s and 30s for M(Cp)2 exposure and N2 purge
respectively. Subsequently, the ALD chamber was heated up to 300 °C, with 30s O2
exposure and 30s N2 purge to remove the ligand
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3.2 Characterization techniques
The morphology, electronic properties, local structures, crystalline properties, and catalytic
performance of materials are characterized by a variety of techniques including scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), high-resolution
transmission electron microscopy (HR-TEM), electron energy loss spectroscopy (EELS),
High-angle annular dark-field scanning transmission electron microscopy (HAADFSTEM), X-photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and
electrochemical potential station.

3.2.1

Physical characterizations

The morphology of materials at the macro level such as NCNT is used the Hitachi S-4800
field emission scanning electron microscopy (FE-SEM) operated at 5 kV to evaluate, as
shown in Figure 3.4. The EDS/EDX equipped with FE-SEM is carried out to determine
the elemental composition and distribution.

Figure 3.4 Field emission scanning electron microscope.
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TEM samples were prepared by drop-casting an ultrasonicated solution of dilute highperformance liquid chromatography grade methanol solution with the sample of interest
onto a lacey carbon grid. The TEM characterization was carried out on an FEI Titan Cubed
80-300 kV microscope equipped with spherical aberration correctors (for probe and image
forming lenses) at 200 kV (Figure 3.5). Atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images were taken using a
double spherical aberration-corrected FEI Themis microscope operated at 300 kV. The
corresponding inner and outer collection semi-angles for HAADF imaging were 48-200
mrad. Dual EELS spectrum imaging was performed at a collection semi-angle of 28.7 mrad
with a dispersion of 0.5 eV/channel.

Figure 3.5 FEI Titan Cubed 80-300 kV high-resolution transmission electron microscope.
The valence state of elements is characterized by XPS to obtain the binding energy. The
XPS is conducted on a Kratos AXIS Ultra Spectrometer, as shown in Figure 3.6.

70

Figure 3.6 A Krato AXIS Ultra Spectrometer XPS.
In order to understand the electronic properties and local structures of obtained catalysts,
X-ray absorption spectroscopy (XAS) measurements are performed. XAS measurements
were conducted on the 061D superconducting wiggler at the hard X-ray microanalysis
(HXMA) beamline at the Canadian Light Source (CLS) (Figure 3.7) and beamline 20-IDC at the CLS@APS of the Advanced Photon Source (APS), Argonne National Laboratory
(ANL). At the HXMA beamline, each spectrum was collected using fluorescence yield
mode with a Canberra 32 element Ge detector. The beamline initial energy calibration for
the different edges was made by using the corresponding metallic foils from Exafs
Materials, and the same metallic foil was further set between two FMB Oxford ion chamber
detectors downstream to the sample, making in-step energy calibration available for each
XAFS scan. At 20-ID-C beamline, the XAS measurements were conducted at A Si (111)
fixed-exit, double-crystal monochromator was used. Harmonic rejection was facilitated by
detuning the beam intensity 15% at ∼1000 eV above the edge of interest. The
measurements were performed in fluorescence mode using a four-element Vortex Si Drift
detector.
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Figure 3.7 XAS working station at HXMA beamline.

3.2.2

Electrochemical characterizations

The electrochemical measurements were performed using a glassy carbon rotating-disk
electrode as the working electrode with graphene and a standard hydrogen electrode as the
counter and reference electrodes, respectively as shown in Figure 3.8. Ink for the
electrochemical measurement was prepared by adding 2 mg of the catalyst into 1 mL
ethanol, and Nafion (5% solution, Sigma-Aldrich, 20 μL), followed by sonication for 10
min. A working electrode was prepared by loading the ink (10 μL) on the glassy carbon
electrode. The HER test was carried out in N2-saturated 0.5 M H2SO4 with a scan rate of
0.01 V s-1. The durability test was carried out in 0.5 M H2SO4 between -0.1 and 0.4 V at a
scan rate of 0.1 V s-1. The OER LSV polarization curves were measured in an O2-saturated
electrolyte at a sweep rate of 5 mV s-1. The durability test was carried out on a constant
current density of 10 mA/cm2. The measured potential against the reference electrode was
converted to a reversible hydrogen electrode (RHE) according to RHE = EHg/HgSO3 + 0.915
in 1 M KOH.
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Figure 3.8 (a) Autolab potentiostat equipped with the rotating controller. (b) threeelectrode electrochemical cell.
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Chapter 4

4

Metal-Support Interaction Enhanced Catalytic Activity
and Stability for Pt Electrocatalyst in Oxygen Reduction
Reaction through Atomic Layer deposition

Oxygen reduction reaction (ORR) is one of the most important electrochemical reactions
in polymer electrolyte membrane fuel cells (PEMFCs). Pt-based materials are the most
widely used catalyst due to their superior catalytic performance. However, Pt-based
catalysts exhibit low durability during operation under severe ORR conditions. Enhancing
the interaction between Pt nanoparticles (NPs) and their substrate is one of the most
promising strategies to improve their stability.
In this chapter, we selectively deposited Pt NPs on TiO2 decorated N-doped carbon
nanotubes (Pt-TiO2/NCNT) through atomic layer deposition. Scanning transmission
electron microscopy results confirm the well-dispersed Pt NPs. XPS indicates the enhanced
interaction between Pt NPs and TiO2. In the ORR electrochemical testing, the PtTiO2/NCNT showed much higher catalytic activity and stability than the pristine PtNPs/NCNT. X-ray absorption spectroscopy results indicated that the high proportion of the
total unoccupied state of Pt 5d orbitals of Pt-TiO2/NCNT may lead to its high catalytic
activity and stability.

* A version of this chapter will be submitted.
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4.1 Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) have attracted considerable attention
due to their high energy conversion efficiency from hydrogen to electricity

1-3

. Oxygen

reduction reaction (ORR) is one of the most important reactions in the cathode, where two
pathways occur: the two-electron transfer pathway from O2 to H2O2 and the direct fourelectron transfer pathway from O2 to H2O (the more desirable option)

4-6

. However, the

ORR is very sluggish at cathode 7. In this case, cathode ORR catalysts are necessary to
speed up the ORR kinetic 8, 9. Currently, Pt-based catalysts are the best option available for
practical applications due to their superior catalytic activity 5, 10-12. However, due to harsh
operating conditions like low pH (<1), high oxygen concentration, high humidity, and high
potentials in practical PEMFC application, Pt catalysts have consistently shown poor
durability due to the agglomeration of Pt NPs, and the detachment of Pt NPs from the
substrate

13-15

. This degradation can be ascribed to the weak interaction between Pt NPs

and the substrate, especially the carbon-based materials 14. Hence, developing an effective
way to increase the stability of Pt catalysts but also achieve high catalytic activity is of the
utmost importance.
Introducing the corrosion-resistant metal oxide to enhance the interaction between Pt and
the substrate is one of the best strategies to improve the stability of Pt-based catalysts in
ORR 16-20. For example, Chen and co-workers showed a ZrO2 nanocage that can be used
to stabilize the Pt catalysts using area-selective atomic layer deposition (ALD), which
showed very high catalytic activity and stability in ORR 21. Song et. al. reported that TaOx
can be deposited around the Pt NPs by area selective ALD, forming an excellent triplejunction structure of TaOx-Pt-carbon. More importantly, in MEA testing, the TaOx-Pt
catalyst showed only 12% power density loss after 120 h of durability testing

22

.

Nevertheless, while this kind of coating can improve the stability of Pt NPs, it can also
block some Pt surface active sites resulting in lower atomic utilization. Another way to
improve the stability using metal oxides is to deposit Pt NPs on the oxide surface. It can
not only increase the stability from the strong interaction between Pt NPs and the metal
oxide but also promote the catalytic activity from the aforementioned unique Pt-oxide-
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carbon triple interfaces 23, 24. Kou et. al. first synthesized an indium tin oxide nanocrystal
coated graphene and then deposited Pt NPs on the oxide, forming a triple-junction structure
(Pt-ITO-graphene). This Pt-ITO-graphene catalyst showed much improved catalytic
activity and stability in the ORR than the traditional Pt-graphene 23.
Considering the deposition of metal oxide, ALD, a self-limiting surface deposition method
shows its advantages in the ability to precisely control the size and thickness of the metal
and metal oxide deposition25, 26. It has been reported that the functional O groups on carbon
can be the anchor sites of Pt ALD 27. In this case, depositing metal oxide will artificially
create the anchor sites for Pt ALD, which results in the selective deposition of Pt, forming
the Pt-metal oxide and Pt-metal oxide-carbon interface. This kind of O group-related area
selective ALD has been applied to many research fields but has been utilized sparingly in
fuel cell research.
Herein, we selectively deposit Pt NPs on ALD-TiO2 coated N-doped carbon nanotubes (PtTiO2/NCNT). Scanning transmission electron microscope (STEM) shows well-dispersed
Pt NPs on the TiO2. X-ray diffraction (XRD) indicates an amorphous structure of the TiO2,
while X-ray photoelectron spectroscopy (XPS) results confirm the enhanced interaction
between Pt NPs and TiO2. Comparing with the pristine Pt-NPs/NCNT and commercial
Pt/C, the Pt-TiO2/NCNT showed much higher catalytic activity in ORR. More importantly,
the Pt-TiO2/NCNT exhibited improved stability than Pt-NPs/NCNT, without obvious
activity decrease after 10,000 cycles accelerate durability testing. X-ray absorption
spectroscopy (XAS) results further confirmed enhanced interaction between Pt NPs and
TiO2. The higher proportion of total unoccupied state of Pt 5d orbitals on Pt-TiO2/NCNT
may lead to higher catalytic activity and stability in ORR.

4.2 Experimental section
Synthesis of ultra-small TiO2 on NCNT. The synthesis of NCNT can be found elsewhere.
TiO2 ALD was conducted on NCNT in a viscous flow reactor (Savannah 100, Cambridge
Nanotechnology Inc., USA) at 150 °C by alternatively exposing titanium isopropoxide
(TTIP, 99.7%, Sigma-Aldrich) and Millipore water for varying numbers of ALD cycles.
The TTIP precursor was heated to 70°C to get a reasonable vapor pressure, while the water

76

source was kept at room temperature. The delivery line was heated up to 110 °C to avoid
any condensation. The timing sequence of one cycle of TiO2 ALD was 1, 5, 1, and 10 sec
for TTIP exposure, N2 purge, water exposure, and N2 purge, respectively. In this
experiment, 20 cycles of TiO2 ALD on the NCNT substrate was sufficient to achieve the
appropriate TiO2/NCNT sample. While 10 and 30 cycles of TiO2 ALD were also
synthesized for comparison.
ALD synthesis of Pt-TiO2/NCNT and Pt-NPs/NCNT. Pt was deposited on the asprepared TiO2 by ALD using trimethyl(methylcyclopentadienyl)-platinum (IV)
(MeCpPtMe3) and O2 as precursors. High-purity N2 (99.9995%) was used as both a purging
gas and carrier gas. The deposition temperature was 230 oC, while the container for
MeCpPtMe3 was kept at 65 oC to provide a steady-state flux of Pt to the reactor. The timing

sequence of one cycle Pt ALD was 15, 30, 5, and 30 sec for MeCpPtMe3 exposure, N2 purge,
O2 exposure, and N2 purge, respectively. The synthesis of Pt/NPs was repeated in the Pt
ALD for ten cycles. Pt loading was analyzed using an inductively coupled plasma optical
emission spectrometer (ICP-OES) with samples dissolved in hot fresh aqua regia overnight
and filtered.
Electrochemical measurements: The electrochemical measurements were performed
using a glassy carbon rotating-disk electrode as the working electrode with a carbon paper
and a standard hydrogen electrode as the counter and reference electrodes, respectively.
Ink for the electrochemical measurement was prepared by adding 2 mg of the catalyst into
a mixture of DI water (1.6 mL), isopropanol (0.4 mL, Sigma-Aldrich), and Nafion (5%
solution, Sigma-Aldrich, 20 μL), followed by sonication for 10 min. A working electrode
was prepared by loading the ink (20 μL) on the glassy carbon electrode. The cyclic
voltammograms (CVs) were measured in the N2-saturated electrolyte by cycling between
0.05 and 1.1 VRHE at a sweep rate of 0.05 V s-1. The ORR test was carried out in an O2saturated 0.1 M HClO4 with a scan rate of 0.01 V s-1 and a rotation speed of 1,600 rpm.
The accelerated durability testing (ADT) was carried out in an O2-saturated 0.1 M HClO4
between 0.6 and 1.1 V at a scan rate of 0.1 V s-1 for 10,000 cycles.
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X-ray absorption spectroscopy: XANES measurements of the Pt L3-edge were conducted
on the 061D superconducting wiggler at the hard X-ray microanalysis (HXMA) beamline
at the Canadian Light Source. Each sample spectra were collected using fluorescence yield
mode with a solid-state detector. High purity Pt metal foil was collected in transmission
mode for comparison and monochromatic energy calibration. The obtained XAS data were
analyzed using Athena software. The extracted EXAFS data were weighted by k3 to obtain
the magnitude plots of the EXAFS spectra in radial space. The data were fitted using
Artemis software.

4.3 Results and discussion
As shown in Figure 4.1a, after the deposition of 20 cycles TiO2 on NCNT, it shows a very
smooth surface. However, it is hard to find the TiO2 NPs, while the EDX-mapping shows
a uniform TiO2 distribution (Figure 4.1b), which can be due to the small size of TiO2 and
the amorphous structure which is confirmed by the XRD results (Figure S4.1). Followed
by 1 cycle Pt ALD on TiO2 coated NCNT (Pt-TiO2/NCNT) and pristine NCNT (Pt/NCNT),
it is hard to find any visible Pt NPs on Pt/NCNT (Figure S4.2) from the TEM results, and
the loading of Pt was only 0.4 wt% (Table S4.1), indicating the Pt NPs can be very hard
to form on NCNT through one cycle Pt ALD. However, it clearly showed that the Pt NPs
were successfully deposited on the TiO2 coated NCNTs, the Pt size was calculated to be
around 2.1 ± 0.1 nm (Figure 4.1c, and S4.3). The periodic fringe spaces were found to be
0.22 nm (Figure 4.1e), consistent with the Pt (111) facets 28. In addition, the TiO2 and Pt
were well-dispersed and almost located at the same place from the EDX-mapping results
as shown in Figure 4.1f. From the ICP-OES results, the Pt loading is 5.6 wt% on PtTiO2/NCNT, which is more than ten times higher than that on pristine NCNT after one
cycle of Pt ALD. Combining the ICP-OES and EDX-mapping results, it is clear that the Pt
NPs were selectively deposited on the surface of TiO2. For comparison, a Pt NP catalyst
without TiO2 (Pt-NPs/NCNT) was also synthesized. Due to the low loading of Pt on
pristine NCNT with one cycled of Pt ALD, ten cycles of Pt ALD were conducted to form
the Pt NPs with sufficient loading. It is worth noting that the loading of Pt reached 40 wt%,
as the Pt deposits on the Pt metal surface after forming a few NPs 29.
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Figure 4.1 (a) STEM image of TiO2/NCNT catalyst. (b) STEM image and corresponding
STEM-EDS elemental mapping of TiO2/NCNT catalyst. TEM (c), STEM (d), and HRTEM (e) images of Pt-TiO2/NCNT catalyst. (f) STEM image and corresponding STEMEDS elemental mapping of Pt-TiO2/NCNT catalyst.
X-ray photoelectron spectroscopy (XPS) was carried out to evaluate the electronic
properties of surface Pt NPs in both Pt-NPs/NCNT and Pt-TiO2/NCNT. As shown in
Figure 4.2a, both the Pt-NPs/NCNT and Pt-TiO2/NCNT showed obvious peaks in the Pt
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4f region from the survey spectra. A clear peak for Ti 2p can also be found on the PtTiO2/NCNT, indicating the successful deposition of TiO2. Focusing on the Pt 4f, a strong
peak located at 71.2 eV in the Pt 4f7/2 region can be observed in the Pt-NPs/NCNT sample,
while the peak shifted to a higher energy position at 71.7 eV on Pt-TiO2/NCNT. The
increased binding energy of Pt on Pt-TiO2/NCNT suggests an enhanced interaction
between Pt NPs and the TiO2, where the electrons transfer from Pt to TiO2, in line with
reference 30. Deconvolution of the XPS spectra shows that different Pt species were coexisting in these two samples. The proportions of Pt0, Pt2+ and Pt4+ were 84%, 12% and 4%
on Pt-NPs/NCNT and 63%, 29% and 8% on Pt-TiO2/NCNT, respectively. The higher
percentage of positively charged Pt species on Pt-TiO2/NCNT confirms the strong
interaction between Pt NPs and TiO2 31, 32.

Figure 4.2 (a) Survey spectrum, XPS spectra in Pt 4f (b and c) and (d) Comparison of the
proportion of Pt4+, Pt2+ and Pt0 species on Pt-NPs/NCNT and Pt-TiO2/NCNT catalysts.
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The catalytic performance of Pt-TiO2/NCNT was characterized in ORR. The commercial
Pt/C and Pt-NPs/NCNT were also tested for comparison. Cyclic voltammograms (CV)
were recorded in 0.1 M perchloric acid (Figure 4.3a). The ORR polarization curves were
achieved at room temperature in an O2-saturated aqueous HClO4 environment with a
rotation speed of 1,600 rpm (Figure 4.3b). To quantitatively compare the performance of
these three samples, we further calculated the activity based on normalized electrochemical
surface area (ECSA) and Pt loadings for a specific activity and mass activity at 0.9 V. As
shown in Figure 4.3c, the Pt-TiO2/NCNT showed the highest specific activity (0.25
mA/cm2) which is about 1.25 times higher than that of commercial Pt/C (0.20 mA/cm2)
and Pt-NPs/NCNT (0.18 mA/cm2). In addition, the Pt-TiO2/NCNT also exhibited
improved mass activity, three times higher than that of commercial Pt/C and Pt-NPs/NCNT
(Figure 4.3d).
Considering the stability is one of the most important factors for Pt-based catalysts in fuel
cell applications, we further tested the long-term stabilities of Pt-NPs/NCNT and PtTiO2/NCNT by an accelerated durability test (ADT), which applies a cyclic potential sweep
between 0.6 and 1.1 V at a scan rate of 100 mV/s in an O2 saturated 0.1 M HClO4 solution
at room temperature. As shown in Figure 4.3e, a significant activity decrease can be found
on Pt-NPs/NCNT after 10,000 cycles ADT, in which the half-wave potentials were
decreased by approximately 25 mV. However, the ORR curve for Pt-TiO2/NCNT was very
stable without any obvious changes, and the half-wave potential was only decreased by 6
mV (Figure 4.4f). From the TEM results, the Ti and Pt were still well-dispersed, and the
size of Pt is mostly unchanged (Figure S4.4). This evidence strongly indicated that the
improved stability was mainly due to the strong interaction between Pt and TiO2.
Due to the strong interaction between Pt NPs and TiO2, the sizes of TiO2 also play a vital
role in the performance of these Pt catalysts. To investigate the size effect of TiO2, 10 and
30 cycles of TiO2 coating were further conducted on NCNT, followed by one cycle of Pt
ALD (Figure S4.5 to S4.8). The corresponding catalysts were named Pt-10cTiO2/NCNT
and Pt-30cTiO2/NCNT, respectively. As shown in Figure S4.9, comparing the ORR
performance on the Pt-xcTiO2/NCNT (x is 10, 20, and 30) based on mass activity, we found
the Pt-20cTiO2/NCNT showed the highest mass activity (0.29 A/mg) than Pt-
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10cTiO2/NCNT (0.15 A/mg) and Pt-30cTiO2/NCNT (0.07 A/mg). While Pt10cTiO2/NCNT exhibits worse activity. This can be attributed to the reduced amount of
carbon-Pt-TiO2 triple interfaces; conversely, when the amount of TiO2 is too high (Pt30cTiO2/NCNT), the conductivity of the catalyst is hindered resulting in reduced activity.

Figure 4.3 (a) The CV curves in the potential region from 0.05 to 1.10 V. (b) ORR
polarization curves (The legend is also applied to Figure 4.3a). The current densities were
normalized to the geometric area of the RDE (0.196 cm2). Normalized activity against the
ECSAs of the catalysts (c) and the mass of Pt (d) on Pt/C, Pt-NPs/NCNT, and PtTiO2/NCNT, respectively. ORR polarization curves for Pt-NPs/NCNT (e) and PtTiO2/NCNT (f) after 10,000 cycles of accelerated durability testing.
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X-ray absorption spectra (XAS) of Pt at the L3 edge were carried out to determine the
electronic structure and coordination environment of Pt in the pristine and TiO2 decorated
samples. It is well-known that the area under the white-line (WL) peak is directly
proportional to the total unoccupied state of Pt 5d orbitals, which affects the catalytic
performance of Pt-based catalysts. As shown in Figure 4.4a, the white line peaks on the
X-ray absorption near edge structure (XANES) of supported Pt exhibited considerable
higher energy and higher intensity on the Pt-TiO2/NCNT than the Pt-NPs/NCNT, which
clearly shows that there are more positively charged Pt species through electron donation.
This is consistent with the XPS results, where a much higher proportion of Pt2+ and Pt4+
was on the Pt-TiO2/NCNT. The highly unoccupied Pt 5d orbitals and high positively
charged Pt NPs clearly show a strong interaction between Pt NPs and TiO2, which may
strongly enhance the catalytic activity and stability in ORR.

Figure 4.4 X-ray absorption studies of various catalysts in comparison with Pt foil. (a) The
normalized XANES spectra at Pt L3 edge and (b) The K3-weighted Fourier transform
spectra from EXAFS.
The extended X-ray absorption fine structure (EXAFS) was also studied to understand the
local atomic structure of Pt in each system, which may affect the catalytic activity and
stability. As shown in Figure 4.4b, before cycling, a significant peak at around 2.6 Å can
be found on Pt-TiO2/NCNT, Pt-NPs/NCNT, and Pt foil, which can be attributed to the Pt-
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Pt coordination, while another peak at 1.6 Å on Pt-TiO2/NCNT can be ascribed to the PtO bond, because of the selective deposition of Pt on the exposed hydroxyl group rich
surface of TiO2. We further fit the peaks to quantitatively obtain the coordination number
(CN) and bond length (Figure S4.10). As shown in Table S4.2, smaller Pt-Pt CNs can be
found on the Pt-TiO2/NCNT (4.35) than Pt-NPs/NCNT (6.13), indicating smaller sized Pt
NPs on the Pt-TiO2/NCNT sample. We also notice the shorter Pt-Pt bonding distance on
Pt-TiO2/NCNT than that of Pt-NPs/NCNT, which could be the reason for its high catalytic
performance33. Taken together, XAS results demonstrate the strong interaction between Pt
NPs and TiO2 which leads to its higher catalytic activity and stability than the PtNPs/NCNT in ORR.

4.4 Conclusion
Herein, we selectively deposited Pt NPs on the TiO2 coated NCNT through ALD. STEM
results confirmed the well-dispersed Pt NPs on the TiO2. XPS indicates the enhanced
interaction between Pt NPs and TiO2. In the ORR electrochemical testing, the PtTiO2/NCNT shows much higher catalytic activity and stability than the Pt-NPs/NCNT. The
XAS results indicated the greater proportion of the total unoccupied state of Pt 5d orbitals
on Pt-TiO2/NCNT may lead to its high catalytic activity. Our work provides new insight
into the synthesis of highly active and stable Pt-based electrocatalysts from the metalsupport interactions.
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4.7 Supporting information

Figure S4.1 XRD patterns of the Pt-TiO2/NCNT catalyst.

Figure S4.2 STEM images of 1 cycle Pt ALD on NCNT (a and b).
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Figure S4.3 STEM image of Pt-TiO2/NCNT (a) and its corresponding Pt particle
distribution (b).
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Figure S4.4 TEM (a), STEM (b) and corresponding STEM-EDS elemental mapping
images of the Pt-TiO2/NCNT catalysts after 10,000 cycles accelerated durability tests.
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Figure S4.5 (a) TEM image of 10cTiO2/NCNT catalyst. (b) STEM image and
corresponding STEM-EDS elemental mapping.

Figure S4.6 (a) STEM image of 30cTiO2/NCNT catalyst. (b) STEM image and
corresponding STEM-EDS elemental mapping.
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Figure S4.7 Low (a) and high (b) resolution STEM image of Pt-10cTiO2/NCNT catalyst.
(c) HR-TEM images of Pt-10cTiO2/NCNT catalyst. (d) STEM image and corresponding
STEM-EDS elemental mapping of 10cPt-TiO2/NCNT catalyst.
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Figure S4.8 Low (a) and high (b) resolution STEM image of Pt-30cTiO2/NCNT catalyst.
(c) HR-TEM images of Pt-30cTiO2/NCNT catalyst. (d) STEM image and corresponding
STEM-EDS elemental mapping of 30cPt-TiO2/NCNT catalyst.
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Figure S4.9 (a) ORR polarization curves and (b) normalized activity against the mass of
Pt on Pt-xcTiO2/NCNT catalysts
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Figure S4.10 The Fourier transforms fitting results in EXAFS (a-c) and k-space (e) for
various catalysts.
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Table S4.1 Pt loadings measured by ICP-OES over various samples.

Sample

Pt loading (wt %)

Pt/NCNT

0.4

Pt-TiO2/NCNT

5.4

Pt-NPs/NCNT

40.0

Pt/C

40.0
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Table S4.2 Structural parameters of various catalysts and Pt foil reference extracted from
quantitative EXAFS curve-fittings using the ARTEMIS module of IFEFFIT.
Sample

Shell

N

ΔE0 (eV)

R (Å)

σ2 (Å2)

R factor

Pt foil

Pt-Pt

12

7.68
(0.36)

2.76
(0.01)

0.004
(0.001)

0.003

Pt-O

0.99
(0.21)

10.53
(5.62)

1.99
(0.01)

0.017

Pt-Pt

6.13
(0.96)

6.37
(1.22)

2.77
(0.02)

0.006
(0.001)

Pt-O

2.30
(0.22)

8.78
(1.85)

1.99
(0.01)

0.015

4.35
(0.82)

2.10
(1.50)

2.69
(0.01)

0.001
(0.001)

Pt-NPs/NCNT

Pt-TiO2/NCNT
Pt-Pt
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Chapter 5

5

Surface Engineering on the Pt Electrocatalyst by Nb
Single Atoms for Enhanced Performance in Oxygen
Reduction Reaction

Pt-based catalysts are widely used in electrochemical reactions, especially in the oxygen
reduction reaction (ORR). However, the activity and stability of commercial Pt/C are still
required to improve for practical applications. Several straggles have been applied to
improve the catalytic performance of Pt/C and the introducing of transition metal is very
promising.
In this chapter, we report a surface engineering method on the Pt nanoparticles (NPs) using
Nb single atoms through atomic layer deposition (ALD). The as-prepared Nb-Pt/C
catalysts exhibited much improved catalytic activity and stability than the pristine Pt/C in
ORR. The transmission electron microscopy (TEM) and X-ray absorption spectroscopy
(XAS) results demonstrate the formation of Nb single atoms on the Pt NPs. The atomically
dispersed Nb single atoms and strong electronic interactions between Nb single atoms and
Pt NPs are the major reasons for the enhanced catalytic performance. This work provides
a new approach to design highly active and stable Pt-based catalysts through single atom
doping, which is promising for various catalytic applications.

* A version of this chapter will be submitted.
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5.1 Introduction
With the depletion of fossil sources, polymer electrolyte membrane fuel cells (PEMFCs)
have attracted significant attention because of their high energy efficiency and zero
emissions1-3. The electrocatalyst is one of the most important parts of PEMFCs. Pt-based
catalysts are the most widely used due to their superior electrocatalytic performance4-7.
However, the low abundance, high price, and low stability strongly of Pt strongly hinder
their widespread applications. Accordingly, increasing the atomic utilization efficiency and
stability of Pt nanoparticles (NPs) are the major concerns for optimizing the catalytic
performance of Pt-based catalysts8-10. Several methods have been developed to address
these issues, including the synthesis of bimetallic catalysts to achieve higher catalytic
performance and oxide coatings to increase stability11-15. However, because of the fact that
the electrochemical reactions are the surface reaction, therefore, the modification on the
surface of Pt NPs could lead to much more significant electronic promotion rather than the
entire Pt NPs8-10, 16, 17. In addition, although the oxide coating method could increase the
stability, it inevitably blocks the active sites of Pt NPs thus results in lower specific activity
and mass activity. As a result, developing a general method for the rational design of highly
active and stable Pt electrocatalysts is highly desired.
Single-atom catalysts (SACs) with the maximum atomic utilization efficiency show
promising application in the catalysis fields16-24. However, the catalytic activities of these
achieved SACs are still lower than the commercialized Pt catalysts. Very recently, other
surface engineering methods using single atoms on the Pt NPs exhibited much more
improved performance in the electrochemical reactions. For instance, Zhu and co-workers
doped Indium single atoms on the subnanometer Pt nanowires (NWs). In the hydrogen
evolution reaction (HER) under 1 M KOH solutions, the SA In-Pt NWs/C displayed a small
overpotential of 46 mV at the current density of 10 mA/cm2, which is much lower than the
catalysts without In single atoms doping and the Pt/C. More importantly, the SA In-Pt
NWs/C also exhibited the highest current among the other counterparts in the 0.5 M ethanol
+ 1M KOH solutions. Density functional theory (DFT) results indicated In single atoms
can reduce the limiting potentials and promote the HER performance by accelerating the
release of H225. Li and co-workers used Ni single atoms to modify the Pt nanowires using
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an electrochemical dealloying strategy. The SANi-modified Pt nanocatalysts exhibited
much higher catalytic activity in HER than the state-of-the-art catalysts. DFT calculations
indicated the Ni single atom with two hydroxyl groups can tune the electronic properties
of the neighboring Pt atoms thus leading to the high performance in HER26.
However, these single-atom doping methods remain a great challenge for general
applications. Moreover, these single-atom doped catalysts are rarely applied in oxygen
reduction reaction (ORR), which is one of the most important electrochemical reactions in
PEMFCs at the cathode side27-30. Atomic layer deposition (ALD), a thin film deposition
technique that relies on binary surface reaction has shown its capability to synthesize
SACs31-34. Therefore, ALD is very promising to modify the surface of Pt NPs through a
surface engineering method. For instance, Cao et al. successfully achieved Fe single atoms
on Pt NPs using ALD. The achieved Fe1(OH)X-Pt interfacial sites show 100% CO
conversion under preferential oxidation of CO in hydrogen (PROX) at a wide temperature
window. DFT results show the atomically dispersed Fe sites can readily react with CO and
facilitate oxygen activation35.
Herein, for the first time, we have successfully prepared Nb SAs modified commercialized
Pt/C through ALD. The atomically dispersed Nb single atoms are confirmed by X-ray
absorption spectroscopy (XAS) and scanning transmission electron microscopy (STEM).
X-ray absorption near edge structure (XANES) and X-ray photoelectron spectroscopy
(XPS) demonstrated the strong electron transfer between the Nb single atoms and Pt NPs.
In the ORR, the Nb single atoms doped Pt/C catalyst exhibited much improved catalytic
activity than the pristine Pt/C. Moreover, the Nb-Pt/C catalyst exhibited only 10% and 24%
of the initial specific and mass activity loss after 15,000 cycles stability test, while the
decline on Pt/C is 18% and 53%. This work shows a general surface engineering method
which could be beneficial for preparing highly active and stable electrocatalysts through
the single-atom doing strategy.

5.2 Experimental section
ALD synthesis of Nb-Pt/C
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NbOx ALD was conducted on Pt/C at 235 °C using niobium ethoxide [Nb(OEt)5, Et = CH2CH3, and H2O were used as the precursors. The Nb(OEt)5 precursor was heated to
170 °C to get a reasonable vapor pressure, while the water source was kept at room
temperature. The timing sequence of one cycle of NbOx ALD was 1, 3, 1, and 10 sec for
Nb(OEt)5 exposure, N2 purge, water exposure, and N2 purge, respectively. After 100 and
300 cycles of NbOx ALD, the Nb-Pt/C and Nb NPs-Pt/C samples were achieved.
Instrumentation
Transmission electron microscopy (TEM) samples were prepared by drop-casting an
ultrasonicated solution of the samples of interest dissolved in high-performance liquid
chromatography grade methanol solution onto lacey carbon grids. The TEM work was
carried out on an FEI Titan Cubed 80-300 kV microscope at 200 kV. The scanning
transmission electron microscopy (STEM) images were collected with a high angleannular dark field detector (HAADF) with a collection angle of ~64-200 mrad.
Electrochemical measurements
The electrochemical measurements were performed using a glassy carbon rotating-disk
electrode as the working electrode with a carbon paper and a standard hydrogen electrode
as the counter and reference electrodes, respectively. An ink for the electrochemical
measurement was prepared by adding 2 mg of the catalyst into a mixture of DI water (1.6
mL), isopropanol (0.4 mL, Sigma-Aldrich), and Nafion (5% solution, Sigma-Aldrich, 20
μL), followed by sonication for 10 min. A working electrode was prepared by loading the
ink (15 μL) on the glassy carbon electrode. The cyclic voltammograms (CVs) were
measured in an N2-saturated electrolyte by cycling between 0.05 and 1.1 V vs RHE at a
sweep rate of 0.05 V s-1. The ORR test was carried out in an O2-saturated 0.1 M HClO4
with a scan rate of 0.01 V s-1 and a rotation speed of 1,600 rpm. The accelerated durability
testing (ADT) was carried out in an O2-saturated 0.1 M HClO4 between 0.6 and 1.1 V at a
scan rate of 0.1 V s-1 for 5k, 10k, and 15k cycles.
X-ray absorption spectroscopy
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XANES measurements of the Nb K-edge and Pt L3-edge were conducted on the 061D
superconducting wiggler at the hard X-ray microanalysis (HXMA) beamline at the
Canadian Light Source. Each sample spectra were collected using fluorescence yield mode
with a solid-state detector. High purity Nb and Pt metal foil were collected in transmission
mode for comparison and monochromatic energy calibration. The obtained XAS data were
analyzed using Athena software. The extracted EXAFS data were weighted by k3 to obtain
the magnitude plots of the EXAFS spectra in radial space. The data were fitted using
Artemis software.
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5.3 Results and discussion

Figure 5.1 (a) A schematic illustration showing the preparation process of the Nb ALD on
Pt/C. TEM (b) and HR-TEM (c) images of the Nb-Pt/C. (d) HAADF-STEM image and
corresponding EDS mapping of Nb-Pt/C catalyst.
Figure 5.1a shows the main steps for the preparation of Nb single atoms doped Pt/C
catalyst. As shown in Figure 5.1a, the Nb ALD was conducted on commercial Pt/C, using
Niobium (V) ethoxide (Nb(OEt)5) and H2O as the precursors, and nitrogen (99.9995%) as
purge gas at 235 ºC. After the deposition of NbOx, no obvious changes on the morphology
of Pt/C and the aggregation of Pt NPs also cannot be found (Figures 5.1b and c), indicating
the Pt/C sample is stable under the working environment of Nb ALD. Under the HR-TEM,
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the periodic fringe spaces were found to be 0.22 nm (Figure S5.1), consistent with the Pt
(111) facets. We also noticed that there are not obvious contrast differences between the
surface and core area of Pt NPs, indicating the lack of NbOx coating layer but instead of
some ultra-small NbOx aggregates, which could be the Nb single atoms. Although the
NbOx layers are not found on Nb-Pt/C, the energy-dispersive X-ray spectroscopy (EDS)mapping results clearly demonstrate the existence of Nb species. As shown in Figures 5.1d
to i, well distribution of C, O, Pt and Nb are observed. To note that the uniform distribution
of Nb species coincides well with the distribution of Pt. These results unambiguously
demonstrate the NbOx species dominantly located on the surface of Pt NPs. Similar results
can also be found at other locations (Figure S5.2), which also shows the uniform and
overlapped distribution of O, Pt, and Nb.

Figure 5.2 The normalized XANES (a) and FT-EXAFS (b) spectrum of Nb-Pt/C,
Pt/C and Pt foil at Pt L3 edge. The normalized XANES (c) and FT-EXAFS (d)
spectrum of Nb-Pt/C, Nb2O5 and Nb foil at Nb K edge.

103

To understand the electronic properties and local structure of Nb-Pt/C, XANES and
extended X-ray absorption fine structure (EXAFS) measurements were carried out for
better understanding. As shown in Figure 5.2a, the Pt/C and Nb-Pt/C XANES results at Pt
L3 edge are nearly identical and close to that of Pt foil, indicating the stable state of Pt NPs
after the Nb ALD. Zoom in the XANES region, we found that the whiteline (WL) intensity
of Nb-Pt/C is higher than that of the pristine Pt/C, indicating the electronic property of Pt
on Nb-Pt/C is promoted by the decoration of Nb atoms. It is known that the WL area under
the curve is proportional to the unoccupied density of the state of Pt 5d orbitals, which is
found to be critical for the performance of catalyst36, 37. We further carried out XPS which
could be more surface sensitive to understand the electronic properties of the surface Pt
after Nb deposition. As shown in Figure S5.3, we found that with the presence of Nb
atoms, the binding energy of Pt NPs shifts from 71.1 to 71.3 eV. The higher valence state
of Pt on Nb-Pt/C than that of Pt/C indicates the strong electronic interactions between Nb
atoms and the Pt NPs, which is in line with the XANES results. In the FT-EXAFS results
at Pt L3 edge (Figure 5.2b), the Pt/C and Nb-Pt/C samples only display a major peak at
2.56 Å, which can be ascribed to the Pt-Pt coordination, which is similar to that of Pt foil.
The lack of obvious Pt-C/O coordination indicated the distribution of O element on Pt is
mainly because of the deposited NbOx (Figures 5.1e to i). Further FT-EXAFS fitting
analysis indicates that the Pt-Pt coordination number and bonding distance on Pt/C and NbPt/C are 9.72 and 9.60, 2.76 and 2.75 Å, respectively (Figure S5.4 and Table S5.1). The
close Pt-Pt coordination number and bonding distance again indicating the similar size of
Pt NPs on Pt/C and Nb-Pt/C. It also confirms that the size of Pt NPs on Pt/C is not changed
by the Nb ALD process.
The electronic properties and local structures of deposited Nb species are also investigated.
The XAFS results at Nb K edge are also shown in Figures 5.2c and d. Comparing with
the Nb foil, the Nb-Pt/C shows a higher intensity of WL but lower than the Nb2O5
reference. These results indicated that the Nb species on the Pt/C are in a high valence
state, which could due to the strong electronic interactions with Pt NPs. FT-EXAFS results
at Nb K edge show that only a main coordination of Nb-O can be observed on Nb-Pt/C,
which is consistent well with the Nb2O5 reference. While the Nb-Nb coordination peak at
2.63 Å can be observed on Nb foil. The lack of Nb-Nb coordination on Nb-Pt/C
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demonstrates the absence of metallic Nb and could be the singly dispersed Nb single atoms.
Taken together, the XANES and EXAFS results demonstrate the atomically dispersed Nb1
atoms on the Pt NPs.

Figure 5.3 The CV (a), LSV ORR (b) curves, and Tafel plots (c) of the Pt/C, NbPt/C, and Nb NPs-Pt/C. (d) Specific activity and mass activity of Pt/C, Nb-Pt/C, and
Nb NPs-Pt/C at 0.9 V (vs RHE).
The catalytic activity of Pt/C and Nb-Pt/C samples were evaluated in ORR by conducting
linear sweep voltammetry (LSV) measurements under 1.0 M HClO4 at room temperature.
As shown in Figure 5.3a, after the deposition of Nb single atoms, the area of hydrogen
under potential deposition (HUPD) on Nb-Pt/C slightly decreases compared to the pristine
Pt/C. The calculated results show that the electrochemical surface area (ECSA) on Pt/C is
74.1 m2/g and slightly decreases to 64.2 m2/g on Nb-Pt/C and more decreased ECSA can
be observed with the increasing cycles of Nb ALD (Figure 5.3a and S5.5). In the ORR
polarization curves, the Nb-Pt/C exhibited slightly improved catalytic activity with the
pristine Pt/C, and the current density at 0.9 V vs RHE is 2.43 and 2.28 mA/cm2 on Nb-Pt/C
and Pt/C (Figure 5.3b). However, with the increasing cycles of Nb ALD to produce NbOx
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NPs, the value is much lower on the Nb NPs-Pt/C. Further calculated the kinetic current
density and Tafel slope of these three catalysts using the Koutecky-Levich equation, we
found that the Nb-Pt/C shows the lower Tafel slope (61 mV/dec) than the pristine Pt/C (68
mV/dec) and Nb NPs-Pt/C (87 mV/dec), indicating its high catalytic activity (Figure 5.3c).
Calculated specific activity and mass activity on Nb-Pt/C is 0.376 mA/cm2 and 0.14 A/mg,
which are higher than those of the pristine Pt/C (Figure 5.3d). This improvement may be
attributed to the unique Nb atoms-Pt NPs interface. However, we also notice both the
decreased specific activity (0.21 mA/cm2) and mass activity (0.08 A/mg) on Nb NPs-Pt/C.
It could be attributed to the excess deposited NbOx large islands/layers that occupy the
active sites of Pt surface and also decrease the conductive, thus leading to the lower
catalytic activity.
In addition to the ORR activity, stability is one of the most important factors for Pt-based
catalysts in fuel cell applications as the Pt NPs suffer the migration, aggregation,
dissolution, and redistribution, which will lead to the loss of active sites and activity
degradation. Therefore, we further tested the long-term stabilities of Pt/C and Nb-Pt/C by
an accelerated durability test (ADT), which applies a cyclic potential sweep between 0.6
and 1.1 V at a scan rate of 100 mV/s in an O2 saturated 0.1 M HClO4 solution at room
temperature. Figure 5.4a shows the CV curves of Pt/C at the beginning of life (BOL), as
well as after 5k, 10k, and 15k cycles durability tests, in which clear decreased area of
HUPD can be observed, indicating the loss of active sites of Pt NPs. Normalized to the
ECSA, we found the ECSA decreased from 74.1 to 42.3 m2/g from BOL to 15k cycles on
Pt/C, which is about 43% loss of the initial ECSA (Figure S5.6). In contrast, compare to
the pristine Pt/C, the stability of the Nb-Pt/C catalyst is significantly improved. As shown
in Figure 5.4b, the changes on the CV curves are much less pronounced. The ECSA only
changes from 64.1 to 54.1 m2/g on BOL to 15k on Nb-Pt/C, which is only about 16% loss
of its initial ECSA, demonstrating the improved stability with Nb single atoms (Figure
S5.6). In the ORR performance, the changes of half-wave potential (ΔE1/2) on pristine Pt/C
sample is 30 mV which is much higher than that on Nb-Pt/C (ΔE1/2 = 19 mV).
Quantitatively analysis of the specific and mass activities at 0.9 V (vs RHE), we found that
the Nb-Pt/C only lost about 10% and 24% of the initial specific and mass activity, but that
decrease is found to be 18% and 53% on pristine Pt/C. Such catalytic activity decline in
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ECSA, specific and mass activities on Pt/C could be attributed to the aggregation and
detachment of Pt NPs due to the weak interactions between Pt NPs and carbon substrate.
As shown in Figure S5.7, the morphology changes of Pt/C can be obviously observed, the
Pt NPs aggregated to a larger size, indicating the serious ripening and aggregation of Pt
NPs under ADT. In contrast, with the Nb atoms doped Nb-Pt/C sample, the size of Pt NPs
is still almost stable and close to the fresh Nb-Pt/C (Figure S5.8). These TEM results
demonstrate the high stability of Nb-Pt/C under ORR. Such high stability of Nb-Pt/C may
be due to the strong interactions between Nb single atoms and Pt NPs. The resultant high
proportional of the unoccupied density of states of Pt 5d orbitals by Nb single atoms could
be the main reason for the high performance of Nb-Pt/C.

Figure 5.4 The CV curves of the Pt/C (a) and Nb-Pt/C (b) before and after accelerated
durability tests. The ORR curves of the Pt/C (c) and Nb-Pt/C (d) before and after
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accelerated durability tests. (e) Specific activity and mass activity of Pt/C and NbPt/C at 0.9 V (vs. the RHE) before and after ADT.

5.4 Conclusion
For the first time, we have successfully developed a surface engineering method which
uses the Nb single atoms to decorate the surface of Pt NPs. HAADF-STEM results show
the uniform distribution of Nb on Pt NPs and XAFS demonstrates the formation of Nb
single atoms. In the ORR, the obtained Nb single atoms modified Pt NPs showed
significantly improved stability compared to commercial Pt/C catalyst. XANES and XPS
further confirm the strong electronic interactions between Nb single atoms and Pt NPs,
which could be the major reason for its high performance in ORR. This work provides a
new way for the rational design of catalysts using the surface engineering method by single
atoms, which have a great potential to be applied in various catalytic reactions.
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5.7

Supporting information

Figure S5.1. HR-TEM image of Nb-Pt/C catalyst.

Figure S5.2. HAADF-STEM image and corresponding EDS mapping of Nb-Pt/C catalyst.
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Figure S5.3. XPS spectra in Pt 4f for Pt/C, Nb-Pt/C, and Nb NPs-Pt/C catalysts.
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Figure S5.4. The k-space (a) and Fourier transforms fitting results in EXAFS (b-d) for Pt
foil, Pt/C, and Nb-Pt/C at Pt L3 edge.
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Figure S5.5. Normalized ECSA of Pt/C, Nb-Pt/C, and Nb NPs-Pt/C

Figure S5.6. Normalized ECSA of Pt/C and Nb-Pt/C under BOL, 5k, 10k, and 10k ADTs.
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Figure S5.7. TEM results of Pt/C after ADTs.

Figure S5.8. TEM results of Nb-Pt/C after ADTs.
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Table S1. Structural parameters of Nb-Pt/C, Pt/C, and Pt foil reference extracted from
quantitative EXAFS curve-fittings using the ARTEMIS module of IFEFFIT.

Sample

Shell

N

ΔE0
(eV)

R (Å)

σ2 (Å2)

R factor

Pt foil

Pt-Pt

12

7.68
(0.36)

2.76
(0.01)

0.004
(0.001)

0.003

2.76

0.005

(0.02)

(0.001)

6.74
Pt/C

Pt-Pt

Nb-Pt/C

Pt-Pt

9.72

(0.44)

(0.42)

9.60

7.43

2.76

0.004

(0.69)

(0.56)

(0.01)

(0.001)

0.003

0.006
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Chapter 6

6

Unveiling the Nature of Pt Single-Atom Catalyst during
Electrocatalytic Hydrogen Evolution and Oxygen
Reduction Reactions

Single-atom catalysts (SACs) have attracted significant attention due to their superior
catalytic activity and selectivity. However, because of the dramatically increased surface
free energy, the loading of SACs is kept at a low level to obtain the single atoms rather
than the NPs or clusters. The low loadings of SACs limit their practical applications.
Moreover, as the nature of active sites of SACs under realistic reaction conditions is
ambiguous, the low loading of SACs results in enough signals and obtain high-quality data
under in-situ/operando measurements.
In this chapter, high loading Pt single atoms on C3N4-derived N-doped carbon nanosheets
(Pt1/NCNS) was achieved through atomic layer deposition. Operando X-ray absorption
spectroscopy (XAS) was performed on Pt single atoms and nanoparticles (NPs) in both the
hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR). The operando
results indicate that the total unoccupied density of states of Pt 5d orbitals of Pt1 atoms is
higher than that of Pt NPs under HER condition and that a stable Pt oxide is formed during
ORR on Pt1/NCNS, which may suppress the adsorption and activation of O2. This work
unveils the nature of Pt single atoms under realistic HER and ORR conditions, providing
a deeper understanding for designing advanced SACs

* A version of this chapter has been published in Small, 2021; 17, 2007245.
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6.1 Introduction
Single-atom catalysts (SACs) with maximized atom utilization efficiency have attracted
significant attention due to their high catalytic activity and selectivity1, 2. These catalysts
have been applied to CO oxidation3, 4, hydrogenation5, dehydrogenation6, 7, and other
electrochemical reactions8, 9. Significant effort has been devoted to obtaining a thorough
understanding of SACs through unique characterization techniques and theoretical
calculations1, 10-12.
Among the different types of SACs, Pt has been studied extensively for electrochemical
reactions, especially the hydrogen evolution reaction (HER) and oxygen reduction reaction
(ORR) in acidic media 10, 13-16. For example, Liu et al. reported that the Pt single atoms on
onion-like nanospheres of carbon (Pt1/OLC) showed improved catalytic activity in HER
compared to Pt1/graphene and commercial Pt/C. Theoretical calculations indicated that a
tip-enhancement effect at the Pt site which induces strong localized electric fields may
contribute to the activity for HER17. Liu and co-workers reported that Pt single atoms
supported on black porous carbon showed superior catalytic activity and stability for 4eORR in acidic solution. The theoretical calculations indicated that the active sites of Pt
SAC are single-pyridinic-nitrogen-atom-anchored Pt1 atoms, which are highly active for
ORR14. Choi and co-workers demonstrated that the Pt single atoms supported on sulfurdoped zeolite-templated carbon (Pt/HSC) have high selectivity to catalyze 2e- ORR path
and generate up to 96 % hydroperoxide16. Although many studies relating to the Pt SACs
indicate that the unique electronic properties and local structures lead to superior
performance in electrochemical reactions, there are gaps between the proposed theoretical
models and the corresponding realistic behavior of the catalysts due to the limitations of
ex-situ characterization. This has resulted in certain ambiguities surrounding the unique
properties of Pt SACs and their potential application.
Currently, the observation of SACs catalysts under realistic reaction conditions are rare 9,
10

. In-situ characterization techniques, especially operando X-ray absorption spectroscopy

(XAS), are promising methods to investigate the dynamic electronic and local environment
of these structures to unveil the nature of the active sites18-23. Cao et. al successfully
achieved atomically dispersed Fe1(OH)x on Pt nanoparticles (NPs), which showed 30 times
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higher mass activity than that of conventional catalysts and 100% CO selectivity over a
wide temperature window for the preferential oxidation of CO in hydrogen. The in-situ
XAS results showed the selective deposition of iron hydroxide on the surface of Pt NPs.
The results illustrated that the interface of Fe1(OH)x/Pt can easily react with CO and
facilitate oxygen activation3. In addition, Cao and co-workers used operando XAS to study
the formation of a high-valence HO-Co1-N2 moiety and successfully illustrated the
formation of the reaction intermediate H2O-(HO-Co1-N2). Theoretical calculation results
further confirmed that the highly oxidized and reconstructed Co1 single atoms decreased
the energy barrier for water dissociation, thus leading to the high catalytic performance of
HER in alkaline media24. Conducting operando XAS measurements can be difficult on
SACs because of their low loading and poor stability in some reactions. These factors
increase the difficulty in probing the local electronic and atomic structure of atoms engaged
in the reaction, resulting in inaccurate and low-quality data

23

. Although the in-

situ/operando XAS measurements have been operated on SACs, the synthesis methods and
types of support are not unified to achieve SACs, even the same metal element, thus could
lead to ambiguous conclusions due to the methodology and support effects.
In this chapter, we reported that high loading Pt single atoms (2.0 wt%) on graphitic carbon
nitride (g-C3N4) derived N-doped carbon nanosheets (NCNS) has been achieved by atomic
layer deposition (ALD). Operando XAS was studied on Pt single atoms and NPs for both
HER and ORR to gain a deeper understanding of this system. The operando results indicate
that the total unoccupied density of states of Pt 5d orbitals of Pt1 atoms is higher than that
of Pt NPs under HER condition, which could be responsible for the high activity. And a
stable Pt oxide is formed during ORR on Pt1/NCNS, which may suppress the adsorption
and activation of O2.

6.2 Experimental section
Synthesis of g-C3N4
12 g of urea was put into an alumina crucible with a cover and then heated to 580 °C at a
rate of 3 °C/min in a muffle furnace and maintained at this temperature for 4 h. After
cooling down to room temperature, ~ 600 mg of bulk g-C3N4 was obtained.
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Synthesis of N-doped carbon nanosheet
The synthesis method for the N-doped carbon nanosheets is based on a previous report25
but with some modification. Typically, 500 mg g-C3N4 was mixed with 2.16 g glucose and
dispersed in 40 mL of deionized water under sonication for 5 h. After that, the suspension
was transferred to a Teflon autoclave and heated at 140 °C for 11 h in an oven. The product
was collected by centrifugation and washed with water and ethanol several times, then
dried under vacuum at 60 °C overnight. After that, the dried powder was heated up to 900
°C in Ar at a rate of 5 °C/min and maintained at this temperature for 1 h to achieve the Ndoped carbon nanosheet (NCNS). The NCNS with different N content was synthesized in
the same manner, but at higher hydrothermal temperatures (160 and 180 °C), which are
denoted as NCNS-160 and NCNS-180.
Synthesis of Pt1/NCNS and Pt-SNs/NCNS
Pt was deposited on the as-prepared NCNS by ALD (Savannah 100, Cambridge
Nanotechnology Inc., USA) using trimethyl(methylcyclopentadienyl)-platinum (IV)
(MeCpPtMe3) and O2 as precursors. High-purity N2 (99.9995%) was used as both a purging
gas and carrier gas. The deposition temperature was kept at 150 °C, while the container for
MeCpPtMe3 was heated to 65 °C to provide a steady flux of Pt to the reactor. The manifold
was kept at 115 °C to avoid any condensation7, 17. The timing sequence of one cycle Pt
ALD was 15s and 30s for MeCpPtMe3 exposure and N2 purge respectively. Subsequently,
the ALD chamber was heated up to 250 °C, with 30s O2 exposure and 30s N2 purge to
remove the ligand. The deposition temperature for Pt-SNs/NCNS was conducted at 250 °C
with two Pt ALD cycles, the time sequence for each cycle was 15, 30, 30, and 30s for
MeCpPtMe3 exposure, N2 purge, O2 exposure, and N2 purge, respectively.
Instrumentation
TEM samples were prepared by drop-casting an ultrasonicated solution of dilute highperformance liquid chromatography grade methanol solution with the sample of interest
onto a lacey carbon grid. The TEM characterization was carried out on a FEI Titan Cubed
80-300 kV microscope equipped with spherical aberration correctors (for probe and image
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forming lenses) at 200 kV. Atomic-resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were taken using a FEI Titan
Cubed Themis G2 300 S/TEM with probe corrector at the voltage of 200 kV. Pt loading
was analyzed using an inductively coupled plasma optical emission spectrometer (ICPOES) with samples dissolved in hot fresh aqua regia overnight and filtered.
Electrochemical measurements
The electrochemical measurements were performed using a glassy carbon rotating-disk
electrode as the working electrode with carbon paper and a standard hydrogen electrode as
the counter and reference electrodes, respectively. An ink for the electrochemical
measurement was prepared by adding 2 mg of the catalyst into 1 mL ethanol, and Nafion
(5% solution, Sigma-Aldrich, 20 μL), followed by sonication for 10 min. A working
electrode was prepared by loading the ink (10 μL) on the glassy carbon electrode. The
cyclic voltammograms (CVs) were measured in a N2-saturated electrolyte by cycling
between 0.05 and 1.1 V vs RHE at a sweep rate of 0.05 V s-1. The HER test was carried
out in N2-saturated 0.5 M H2SO4 with a scan rate of 0.01 V s-1. The durability test was
carried out in 0.5 M H2SO4 between -0.1 and 0.4 V at a scan rate of 0.1 V s-1. The ORR
test was carried out in O2-saturated 0.5 M H2SO4 with a scan rate of 0.01 V s-1. The
durability test was carried out in 0.5 M H2SO4 between 0.6 and 1.1 V at a scan rate of 0.1
V s-1
Ex-situ X-ray absorption spectroscopy
Ex-situ XAS measurements were conducted on the 061D superconducting wiggler at the
hard X-ray microanalysis (HXMA) beamline at the Canadian Light Source (CLS). Each
spectrum was collected using fluorescence yield mode with a Ge solid-state detector. High
purity Pt metal foil was collected in transmission mode for comparison and energy
calibration.
Operando X-ray absorption spectroscopy
Operando XAFS measurements were conducted at beamline 20-ID-C at the Advanced
Photon Source (APS), Argonne National Laboratory (ANL). A Si (111) fixed-exit, double-
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crystal monochromator was used. Harmonic rejection was facilitated by detuning the beam
intensity 15% at ∼1000 eV above the edge of interest. The measurements were performed
in fluorescence mode using a four elements Vortex Si Drift detector. Details on the
beamline optics and instruments can be found elsewhere26.
Operando XAFS measurements were performed with catalyst-coated carbon paper using a
custom-built cell. The carbon paper was pretreated with concentrated nitric acid at 80 °C
overnight to ensure thorough electrolyte wetting. The catalyst ink was prepared with the
same method as for the electrochemical measurements. The catalyst ink was dropped onto
the carbon paper, and the backside of the carbon paper was taped with the Kapton film as
the working electrode to ensure the entirety of the electrocatalyst had access to the H2SO4
electrolyte. Carbon paper and Ag/AgCl were used as the counter and reference electrodes.
To collect the XAFS spectra during the HER and ORR process, the cathodic voltages were
held at constant potentials during the operando experiment from 0.05 to -0.05 V and 1.10
to 0.40 V (vs RHE), respectively.
EXAFS data analysis
The obtained XAFS data were analyzed and fitted using Athena and Artemis software27.
The acquired EXAFS data were processed according to the standard procedures using the
ATHENA module implemented in the IFEFFIT software packages. The EXAFS
oscillation functions χ(k) were obtained by subtracting the post-edge background from the
overall absorption spectra and then normalized with respect to the edge-jump step to unity.
Subsequently, k3-weighted χ(k) functions in the k range of 3.0–10.4 Å−1 were FT to the R
space by using a Hanning window of dk = 3.0 Å−1. The amplitude reduction factor S02 was
fixed at the value of 0.87 which was determined by fitting the reference metal Pt foil. Pt-O
and Pt-Pt paths are used in the fitting process which are from PtO2 and Pt foil references.
In all the in-situ EXAFS on Pt1/NCNS, the Debye-Waller factors of Pt-C/N/O were set at
typical value from ex-situ EXAFS spectra in order to compare the changes of coordination
numbers. Similarly, the Debye-Waller factors of Pt-C/N/O and Pt-Pt on Pt-SNs/NCNS
were set from its ex-situ EXAFS. The fitting windows in R space are from 1.0 to 2.1 and
1.0 to 3.1 Å for Pt1/NCNS and Pt-SNs/NCNS, respectively.
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6.3 Results and discussion
As shown in Figure 6.1a, the NCNS were derived from g-C3N4, then carbonized with
glucose by a hydrothermal method25. The Pt1/NCNS was achieved after performing one
cycle of Pt ALD on the as-prepared NCNS, using trimethyl(methylcyclopentadienyl)platinum (IV) (MeCpPtMe3) and O2 as precursors. Higher deposition temperature (250 °C)
and two cycles of Pt ALD were used to synthesize Pt NPs. To note that the presence of a
small proportion of single atoms is hard to be avoided, therefore, we denoted the achieved
Pt NPs as Pt-SNs/NCNS which represent the co-existence of Pt single atoms and NPs. The
loadings of Pt on Pt1/NCNS and Pt-SNs/NCNS were 2.0 and 7.5 wt%, respectively,
calculated from inductively coupled plasma optical emission spectrometer (ICP-OES)
results.
High-angle annular dark-field scanning transmission electron microscopy (HAADFSTEM) showed a uniform dispersion of Pt1 atoms on the NCNS, without the presence of
any visible NPs/clusters at both low- and high-magnifications (Figures 6.1b, c, and S6.1).
In the Pt-SNs/NCNS sample, the size of the NPs was measured to be approximately 1.6 ±
0.2 nm (Figures 6.1d, e, and S6.2). X-ray diffraction (XRD) patterns as shown in Figure
S6.3 present different diffraction patterns between g-C3N4 and NCNS, implying the
decomposition of g-C3N4 and formation of NCNS through pyrolysis25. However, no
obvious Pt diffraction peaks can be found in the patterns, which can be attributed to the
small size of Pt
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. To have better control over the deposition of high-loading Pt SACs

using ALD, it is necessary to identify and determine the effect of the controlling parameters
in the synthesis process. Studies have shown that nitrogen defect sites in graphitic carbon
play an important role in the deposition of Pt using ALD29. NCNS with different
proportions of N were prepared by controlling the hydrothermal temperatures.
Interestingly, we found the Pt loadings achieved on the NCNS through ALD were highly
dependent on the content of N in the NCNS, in which the loadings of Pt were 2.0, 0.7, and
0.5 wt% on the NCNS with 9.5, 8.0, and 5.4 at% N, respectively (Figure S6.4). This solid
evidence confirms the loadings of Pt are related to the N content and suggests that the Pt1
atoms could bond with the N atoms through strong interactions.

123

Figure 6.1 Illustration for the synthesis of Pt1/NCNS (a). Representative aberrationcorrected HAADF-STEM images of Pt1/NCNS (b and c) and Pt-SNs/NCNS (d and e).
Ex-situ XAS was carried out to characterize the electronic and structural properties of both
Pt1/NCNS and Pt-SNs/NCNS. It has been reported that the area under the whiteline (WL)
peak in the Pt L3 X-ray absorption near-edge structure (XANES) spectra is directly related
to the density of unoccupied Pt 5d orbitals30. As shown in Figure 6.2a, the Pt1/NCNS
exhibited much higher WL peak intensity than Pt-SNs/NCNS, indicating a higher fraction
of unoccupied states in the 5d orbitals. Such a high oxidation state of Pt on Pt1/NCNS
indicates the strong interaction between Pt single atoms and substrate7. The extended Xray absorption fine structure (EXAFS) spectra are shown in Figure 6.2b. Both the
Pt1/NCNS and Pt-SNs/NCNS have a peak between 1.0 and 2.0 Å region in the radial
distribution (Fourier Transform of the EXAFS, without phase correction), which can be
attributed to the coordination of Pt-C/N/O. Another significant peak on Pt-SNs/NCNS can
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be found at 2.36 Å, which is the Pt-Pt coordination based on the Pt foil EXAFS result. No
obvious Pt-Pt coordination can be found on Pt1/NCNS, implying the atomically dispersed
nature of the Pt single atoms. This observation is also consistent with the simple oscillation
in the XANES region since the backscattering amplitude of low atomic number of elements
is linear in k space at the low k region, while the Pt back-scattering amplitude in k space is
more complex and produces oscillation in the low k and mid k region (Figure 6.2a). Based
on the EXAFS fitting results, the Pt1 atom is likely bonded with approximately three or
four C/N atoms at ex-situ conditions (Table S6.1).

Figure 6.2 Ex-situ XANES (a) and corresponding k3-weighted Fourier transform EXAFS
spectra (No phase correction) spectra (b) of Pt1/NCNS and Pt-SNs/NCNS as well as the
reference samples of Pt foil and PtO2 at the Pt L3-edge. (c) XPS spectra of Pt1/NCNS and
(d) Pt-SNs/NCNS in the Pt 4f region.
X-ray photoelectron spectroscopy (XPS) measurements were also carried out to investigate
the valence state of surface Pt. As shown in Figures 6.2c and d, the Pt 4f7/2 binding energy
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peak on Pt1/NCNS is located at 73.2 eV, which is higher than that of Pt-SNs/NCNS (72.6
eV). Deconvolution of the XPS spectra showed that there are 60 % Pt2+ and 40 % metallic
state Pt0, confirming the formation of NPs31. However, a very symmetrical shape of the
spectrum was observed on Pt1/NCNS (Figure 6.2c), which indicated the Pt2+ species,
suggesting a positively charged Pt single atoms due to the coordination with N or O
atoms32. This observation in XPS is in line with the ex-situ XANES results (Figure 6.2a).
The lack of metallic state Pt on Pt1/NCNS also confirms the atomically dispersed structure
of Pt single atoms.

Figure 6.3 (a) Cyclic voltammograms on Pt1/NCNS, Pt-SNs/NCNS, and Pt/C catalysts.
Polarization curves of Pt1/NCNS, Pt-SNs/NCNS, and Pt/C in HER (b) and the durability
measurement on Pt1/NCNS (c). Polarization curves of Pt1/NCNS, Pt-SNs/NCNS, and Pt/C

126

in ORR (d) and the durability measurement on Pt1/NCNS (e). (f) EXAFS results of
Pt1/NCNS after durability tests.
The catalytic performance of Pt1/NCNS and Pt-SNs/NCNS was characterized under HER
and ORR conditions. As shown in Figure 6.3a, cyclic voltammograms (CV) were recorded
in 0.5 M H2SO4, which shows the hydrogen underpotential deposition region, the double
layer potential region, and the oxide formation potential region on the Pt-SNs/NCNS.
However, only the double layer can be found on the Pt1/NCNS, indicating the lack of
crystallized Pt NPs. As seen in Figure 6.3b, in HER, the Pt1/NCNS displays a similar
activity as Pt-SNs/NCNS with a much lower amount Pt content. Further calculated mass
activity at the overpotential of 0.05 V, the Pt1/NCNS showed a 7.1 A mg-1Pt mass activity,
more than 4 times greater than that of the Pt-SNs/NCNS catalyst (1.6 A mg-1) (Figure
S6.5), which is among the highest reported activity for Pt SACs in HER8, 33, 34. The catalytic
activity of Pt/C is lower than that of Pt-SNs/NCNS (Figures 6.3b and S6.5a), which could
be because of the relatively larger size of Pt NPs on Pt/C. Based on the EXAFS results, the
Pt1 atom is likely bonded with approximately three or four C/N atoms (Table S6.1).
According to the reference, the hydrogen-adsorption free energies (ΔGH*) on Pt1-CxNy (x
+ y = 4 or 3) are far away from zero, except the Pt1-C2N2 site and the two N atoms are in a
cross position, implying the Pt1-C2N2 should exhibit high catalytic activity in HER35.
Further analysis of the WL area of Pt1/NCNS indicated the Pt1 atom could bond with two
N atoms (Figure S6.6)36. Taken together, the most possible configuration of Pt1/NCNS
could be Pt1-C2N2 and the two N atoms are in a cross position. The long-term stability tests
of Pt1/NCNS were carried out by applying a cyclic potential sweep between -0.1 to 0.4 V
for HER. Pt1/NCNS shows ultra-stable activity even after 8,000 cycles (Figure 6.3c),
without showing obvious activity decline. However, in contrast with the results in HER,
we found that the Pt-SNs/NCNS shows much better catalytic activity than Pt1/NCNS in
ORR (Figure 6.3d). The Pt-SNs/NCNS exhibits the onset potential (at 0.1 mA/cm2) at 1.02
V which is much higher than that of Pt1/NCNS (0.71 V) (Figure S6.5). The catalytic
activity of Pt/C ORR is very close to that of Pt-SNs/NCNS (Figures 6.3d and S6.5b),
indicating the Pt NPs are dominantly on Pt-SNs/NCNS. The durability test under ORR
reaction was also performed on Pt1/NCNS at a cyclic potential sweep between 0.6 and 1.1
V at O2 saturated 0.5 M H2SO4 for 5,000 cycles. As shown in Figure 6.3e, the Pt1/NCNS
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exhibits good stability, without showing obvious decreased activity. A comparison of
XANES (Figure S6.7) and EXAFS (Figure 6.3f) spectra of the pristine and cycled
Pt1/NCNS in HER and ORR further demonstrate the high stability of Pt1/NCNS. Moreover,
the EXAFS fitting (Figure S6.8, Tables S6.1 and 6.2), EDS-mapping, and HAADFSTEM (Figures S6.9 and 6.10) result again confirm that the Pt1/NCNS is stable under
HER and ORR.

Figure 6.4 Operando XANES and EXAFS spectra at Pt L3 edge for Pt1/NCNS (a and b)
and Pt-SNs/NCNS (c and d) at different applied voltages from open circuit condition to 0.05 V during electrocatalytic HER. Operando XANES and EXAFS spectra at Pt L3 edge
for Pt1/NCNS (e and f) and Pt-SNs/NCNS (g and h) at different applied voltages from open
circuit condition to 0.40 V during electrocatalytic ORR. Inset, zoom in area of WL region
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in dotted box. (i) Coordination number of Pt1/NCNS and Pt-SNs/NCNS under HER and
ORR after quantitative EXAFS analysis.
In order to reveal the nature of the active sites for both Pt1/NCNS and Pt-SNs/NCNS in
both HER and ORR as it happens, a custom-built electrochemical cell was used to perform
an operando XAS. The Pt catalysts are coated on carbon paper as the working electrode
(Figure S6.11). The XAFS spectrum was first taken at an open-circuit voltage (OCV).
During the operando XAS measurements, the potential on the working electrode was
decreased from 0.05 to -0.05 V vs RHE and 1.10 to 0.40 V vs RHE for HER and ORR,
respectively.
In HER, with the applied potentials, the WL intensity of Pt1/NCNS slightly decreases from
OCV to -0.05 V (Figure 6.4a), while a larger decline on Pt-SNs/NCNS is observed (Figure
6.4c), indicating a less degree of changes in the total unoccupied density of states of Pt 5d
orbitals on Pt1/NCNS. Figure S6.12 presents the k3-weighted Pt L3-edge EXAFS spectra
and the Fourier transform magnitudes of Pt1/NCNS and Pt-SNs/NCNS (Figures 6.4b and
d). As shown in Figure 6.4b, no obvious Pt-Pt coordination can be observed in all the
Pt1/NCNS operando EXAFS spectra, indicating the Pt atoms were still singly dispersed
under the HER reaction. The main peak is found at 1.56 Å under OCV and 0.05 V, which
is similar to the spectra collected in the ex-situ conditions, can be related to the coordination
of Pt-C/N/O. When the potential decreased to -0.05 V, it shifts to 1.67 Å. This enlarged
bonding distance (Table S6.1) could be either due to the applied electric field or the
adsorbed H* at the working potential, which causes the relaxation of the local structure of
Pt1 atoms. However, Pt-SNs/NCNS shows a distinct decrease of Pt-C/N/O coordination in
the operando EXAFS results (Figure 6.4d). The Pt-Pt coordination increases on the PtSNs/NCNS when potential was changed from OCV to -0.05 V, which indicates the
reduction of Pt oxide on Pt NPs.
After bubbling O2 into the electrolyte for ORR, the position of WL peak on Pt1/NCNS
shifts to higher energy (11568.7 eV) (Figure 6.4e) compared with corresponding XANES
results in HER (Figure 6.4a), which can be due to the adsorption of O2 on Pt1/NCNS thus
leading to a highly oxidized Pt species. With the applied potential decreased from 1.10 to
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0.40 V, the intensities of the WL peak are almost unchanged on Pt1/NCNS (Figure 6.4e).
After Fourier transform (Figure S6.13), the k3-weighted Pt L3-edge EXAFS spectra of
Pt1/NCNS under ORR also show unconspicuous changes of Pt-C/N/O coordination under
ORR working conditions (Figure 6.4f). In contrast, as shown in Figure 6.4g, clearly WL
peak intensity decrease can be found on Pt-SNs/NCNS from 1.10 to 0.40 V. We also notice
a gradually decreased Pt-C/N/O coordination but increased Pt-Pt coordination from 1.10
to 0.40 V in the radial distribution (Figure 6.4h). Thus, the observation of XANES and
EXAFS on Pt-SNs/NCNS in ORR indicates the reduction of Pt oxide37.
In order to quantify the results, EXAFS curve-fittings were further performed (Figures
S6.14-6.17) and the coordination number of Pt-C/N/O and Pt-Pt are shown in Figure 6.4i.
Let us first focus on the HER, we find that the coordination number of Pt-C/N/O decreases
from 4.31 to 3.60 on Pt1/NCNS when the applied potential changed from OCV to -0.05 V
(Table S6.1), which can be ascribed to the desorption of H2O 36. However, we found that
the Pt-C/N/O coordination number decreases from 2.29 to 1.15 and this is accompanied by
an increase in Pt-Pt coordination from 2.78 to 4.36 on the Pt-SNs/NCNS with the potential
changed from OCV to -0.05 V. The trend of the coordination number of Pt-O and Pt-Pt
indicates that the O/OH displacement occurred between surface and bulk of Pt NPs19, 37. A
comparison of Pt1/NCNS and Pt-SNs/NCNS in terms of operando XANES results at -0.05
V is also shown in Figure S6.18 regarding the catalytic activity differences in HER at this
potential. A much higher WL intensity still can be found on the Pt1/NCNS compared with
Pt-SNs/NCNS even at the highly reduced condition in HER. This higher WL intensity
indicates a higher total unoccupied density of states of Pt 5d orbitals in Pt1/NCNS, which
could be responsible for the high catalytic activity 4, 38. In ORR, the Pt-C/N/O coordination
number on Pt1/NCNS increases from 3.55 to 4.46 from ex-situ to OCV and remains almost
constant from 1.10 to 0.40 V. Because of the tied structure that Pt1 atom bonds with four
C/N atoms, it is unlike possible to form the fifth Pt-C/N bond. Therefore, the increased
total coordination number of Pt-C/N/O on Pt1/NCNS could be attributed to the adsorbed
O2 and generate the additional Pt-O path. Moreover, the total coordination numbers remain
almost constant at 1.1 V (4.35), 0.9 V (4.55), and 0.4 V (4.43), indicating the O2 throughout
adsorbs on Pt1 atoms and form the stable PtOx species (Table S6.2). However, the PtC/N/O coordination number decreases from 2.28 to 1.72 and the Pt-Pt coordination number
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increases from 2.97 to 4.39 on the Pt-SNs/NCNS from 1.10 to 0.40 V. This observation on
Pt-SNs/NCNS is entirely consistent with previous observations

19, 37

. Previous work

indicated that the O2 only physically adsorbs on the oxidized Pt1 sites, which is very
difficult for the O2 activation14. Based on our operando XAS results, the formation of stable
Pt oxide species on Pt1/NCNS may further decrease the possibility for O2 adsorption and
activation under ORR, which leads to their unsatisfied activity in ORR. However, the
reduced surface of Pt NPs in Pt-SNs/NCNS could facilitate this process, result in a higher
activity of Pt-SNs/NCNS in ORR.
We further carried out the WL analysis to understand the changes of oxidation states of Pt
on both Pt1/NCNS and Pt-SN/NCNS under HER and ORR. As shown in Figures S6.19a
to c, when the potential is applied at 0.05 V, the oxidation states decrease can be observed
on both Pt1/NCNS and Pt-SNs/NCNS compared with their ex-situ results in HER. However,
we also found such a decrease on Pt-SNs/NCNS when the applied potential becomes more
negative (-0.05 V), indicating the further O/OH displacement occurred between the surface
and bulk of Pt NPs. While the oxidation states of Pt on Pt1/NCNS keep almost constant at
these two conditions. The higher total unoccupied density of states and atomic utilization
efficiency Pt in Pt1/NCNS contribute to its high catalytic activity in HER.
Under ORR conditions, we noticed that both the Pt1/NCNS and Pt-SNs/NCNS show
increased oxidation states from +2.40 to +2.42 and +1.23 to +1.42, respectively, from exsitu to 1.1 V (Figures S6.19d to f). When the applied potentials negatively shift to 0.4 V,
the oxidation states of Pt on Pt-SNs/NCNS decrease from +1.42 to +0.94, indicating the
consumption of PtOx on Pt NPs. However, with the same applied overpotential, the
oxidation states of Pt on Pt1/NCNS only decrease from +2.42 to +2.37, which is close to
its ex-situ result (+2.40). The EXAFS fitting results (Table S6.2) further indicated that
additional Pt-C/N/O coordination occurs on Pt1/NCNS under ORR conditions. This
observation unambiguously indicated that the stable PtOx species is formed on Pt1/NCNS,
which could suppress the activation of O2 thus leading to the relatively lower catalytic
activity of Pt1/NCNS in ORR.
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6.4 Conclusion
In conclusion, we have successfully achieved a high loading Pt1/NCNS SAC through ALD.
HAADF-STEM, XAS, and XPS demonstrated the presence of singly dispersed Pt1 atoms.
The operando XAS results indicated that the total unoccupied density of states of Pt 5d
orbitals of Pt1 atoms is higher than that of Pt NPs in HER, while a stable Pt oxide is formed
during ORR on Pt1/NCNS which may suppress the adsorption and activation of O2. This
work provides new insight into Pt SACs and unveils the nature of Pt single atoms under
realistic HER and ORR conditions, which improves understanding for the synthesis of
advanced SACs.
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6.7 Supporting information

Figure S6.1 Representative HAADF-STEM images of Pt1/NCNS at low- (a and b) and
high-magnification (c and d) at other locations.

Figure S6.2 Representative HAADF-STEM images of Pt-SNs/NCNS (a) and the
Corresponding Pt particle size distribution (b)
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Figure S6.3 XRD patterns of the g-C3N4, NCNS, Pt1/NCNS, and Pt-SNs/NCNS.

Figure S6.4 Corresponding N proportions and Pt loadings on 140-NCNS, 160-NCNS,
and 180-NCNS
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Figure S6.5 Mass activity for Pt1/NCNS and Pt-SNs/NCNS in HER at -0.05 V (a) and
onset potential in ORR (b).

Figure S6.6 (a) XANES of Pt1/NCNS, as well as Pt foil and PtO2 reference at Pt L3 edge.
(b) The oxidation state of Pt1/NCNS based on the white line area.
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Figure S6.7 Ex-situ XANES spectra for Pt1/NCNS before and after 8,000 cycles in HER
and 5,000 cycles in ORR.

Figure S6.8 The Fourier transforms operando EXAFS fitting results for HER-cycled and
ORR-cycled Pt1/NCNS samples.
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Figure S6.9 STEM image (a) and EDX mapping (b to d). (e) high magnification HAADFSTEM image of HER-cycled Pt1/NCNS.

Figure S6.10 STEM image (a) and EDX mapping (b to d). (e) high magnification HAADFSTEM image of ORR-cycled Pt1/NCNS.
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Figure S6.11 The front (a) and back (b) sides of the catalysts coated carbon paper for
operando XAS measurements.
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Figure S6.12 k3χ(k) oscillations of Pt L3-edge operando EXAFS analysis for the Pt1/NCNS
and Pt-SNs/NCNS under HER conditions.

142

Figure S6.13 k3χ(k) oscillations of Pt L3-edge operando EXAFS analysis for the Pt1/NCNS
and Pt-SNs/NCNS under ORR conditions.
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Figure S6.14 The Fourier transforms operando EXAFS fitting results at (a,b) ex-situ,
(c,d) OCV, (e,f) 0.05 V, and (g,f) -0.05 V at Pt L3 edge for Pt1/NCNS under HER
conditions.
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Figure S6.15 The Fourier transforms operando EXAFS fitting results at (a,b) ex-situ,
(c,d) OCV, (e,f) 0.05 V, and (g,f) -0.05 V at Pt L3 edge for Pt-SNs/NCNS under HER
conditions.
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Figure S6.16 The Fourier transforms operando EXAFS fitting results at (a,b) OCV, (c,d)
1.10 V, (e,f) 0.90 V, and (g,f) 0.40 V at Pt L3 edge for Pt1/NCNS under ORR conditions.
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Figure S6.17 The Fourier transforms operando EXAFS fitting results at (a,b) OCV, (c,d)
1.10 V, (e,f) 0.90 V, and (g,f) 0.40 V at Pt L3 edge for Pt-SNs/NCNS under ORR conditions.
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Figure S6.18 Operando XANES for Pt1/NCNS and Pt-SNs/NCNS at -0.05 V.

Figure S6.19 Normalized difference spectra for Pt L3-edge XANES using Pt foil as the
reference on Pt1/NCNS and Pt-SNs/NCNS in HER (a and b) and ORR (d and e),
respectively. The oxidation state of Pt1/NCNS and Pt-SNs/NCNS based on the white line
area during HER (c) and ORR (f).
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Table S6.1 Structural parameters of the Pt1/NCNS and Pt-SNs/NCNS under different conditions in
HER extracted from quantitative EXAFS curve-fittings using the ARTEMIS module of IFEFFIT
(The fixed parameters are underlined).

Sample

Pt1/NCNS

Conditions

Path

CNs

R (Å)

ΔE

σ2(Å2)

R factor

Ex-situ

Pt-C/N/O

3.54
(1.01)

1.99
(0.02)

8.70
(3.58)

0.007
(0.003)

0.008

HERcycled

Pt-C/N/O

3.67
(0.90)

2.01
(0.02)

12.64
(2.95)

0.007
(0.003)

0.016

OCV

Pt-C/N/O

4.31
(0.22)

1.99
(0.02)

10.24
(1.44)

0.05 V

Pt-C/N/O

3.74
(0.18)

2.00
(0.01)

10.94
(1.30)

-0.05 V

Pt-C/N/O

3.60
(0.33)

2.02
(0.02)

13.79
(2.51)

PtC/N/O

2.24
(0.64)

2.00
(0.02)

Pt-Pt

2.93
(1.17)

2.77
(0.01)

PtC/N/O

2.29
(0.17)

2.00
(0.02)

Pt-Pt

2.78
(0.22)

2.78
(0.01)

PtC/N/O

1.21
(0.26)

1.98
(0.03)

Pt-Pt

4.34
(0.31)

2.75
(0.02)

PtC/N/O

1.15
(0.31)

1.98
(0.04)

Pt-Pt

4.36
(0.40)

2.75
(0.02)

Ex-situ

10.26
(2.53)

11.07

0.004

0.007

0.006

0.008
0.008
(0.003)
0.017
0.006
(0.003)
0.008

OCV

0.013
(1.61)

0.006

Pt-SNs/NCNS

0.05 V

-0.05 V

0.008
8.71
(2.39)

0.024
0.006

0.008
8.33
(2.09)

0.035
0.006

CNs, coordination numbers; ΔE, inner potential shifts; R, bonding distance; σ2, Debye-Waller
factor.
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Table S6.2. Structural parameters of the Pt1/NCNS and Pt-SNs/NCNS under different conditions
extracted from quantitative EXAFS curve-fittings using the ARTEMIS module of IFEFFIT (The
fixed parameters are underlined).

Sample

Conditions

Path

CNs

R (Å)

ΔE

σ2(Å2)

R
factor

Ex-situ

Pt-C/N/O

3.55
(1.08)

1.99
(0.02)

8.76

0.007
(0.003)

0.008

ORRcycled

Pt-C/N/O

4.02
(0.82)

2.02
(0.02)

13.14
(2.43)

0.007
(0.002)

0.010

OCV

Pt-C/N/O

4.46
(0.38)

1.98
(0.02)

10.29
(2.50)

0.010

1.1 V

Pt-C/N/O

4.35
(0.37)

2.00
(0.02)

12.77
(2.14)

0.011

0.9 V

Pt-C/N/O

4.55
(0.50)

2.00
(0.02)

12.62
(2.78)

0.018

0.4 V

Pt-C/N/O

4.43
(0.36)

2.01
(0.01)

13.92
(2.12)

0.015

Pt-C/N/O

2.12
(0.62)

2.00
(0.02)

Pt1/NCNS

0.007

Ex-situ
Pt-Pt

2.93
(1.17)

2.77
(0.01)

Pt-C/N/O

2.16
(0.26)

1.97
(0.02)

Pt-Pt

3.08
(0.31)

2.74
(0.01)

Pt-C/N/O

2.28
(0.25)

1.99
(0.02)

Pt-Pt

2.97
(0.31)

2.76
(0.01)

Pt-C/N/O

2.06
(0.22)

1.99
(0.01)

3.02
(0.27)

2.77
(0.01)

10.52
(2.47)

6.28

0.008
(0.003)
0.017
0.006
(0.003)
0.008

OCV

0.023

PtSNs/NCNS
1.1 V

0.9 V
Pt-Pt

(2.42)

0.006

0.008
10.09
(2.28)

0.025
0.006

0.008
10.33
(2.09)

0.021
0.006
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Pt-C/N/O

1.72
(0.39)

2.03
(0.01)

4.39
(0.52)

2.78
(0.02)

0.4 V
Pt-Pt

0.008
12.06
(3.56)

0.035
0.006

CNs, coordination numbers; ΔE, inner potential shifts; R, bonding distance; σ2, Debye-Waller
factor.
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Chapter 7

7

A General Strategy for Preparing Pyrrolic-N4 Type
Single-Atom Catalysts via Pre-located Isolated Atoms

Single-atom catalysts (SACs) have been applied in many fields due to their superior
catalytic performance. Because of the unique properties of the single-atom-site, using the
isolated atoms as catalysts to synthesize SACs is promising.
In this chapter, we have successfully achieved Co1 SAC using Pt1 atoms as catalysts. More
importantly, this synthesis strategy can be extended to achieve Fe and Ni SACs as well. Xray absorption spectroscopy (XAS) results demonstrate that the achieved Fe, Co, and Ni
SACs are in an M1-pyrrolic N4 (M= Fe, Co, and Ni) structure. Density functional theory
studies show that the Co(Cp)2 dissociation is enhanced by Pt1 atoms, thus leading to the
formation of Co1 atoms instead of nanoparticles. These SACs are also evaluated under
hydrogen evolution reaction (HER) and oxygen evolution reaction and the nature of active
sites under HER are unveiled by the operando XAS studies. These new findings extend the
application fields of SACs to catalytic fabrication methodology, which is promising for the
rational design of advanced SACs.

* A version of this chapter will be submitted.
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7.1 Introduction
Single-atom catalysts (SACs) have attracted considerable interest due to their superior
catalytic activity and unique selectivity towards different chemical reactions, including CO
oxidation1, 2, hydrogenation3, dehydrogenation4, 5, and electrochemical reactions6-8.
Recently, the application of SACs has been widely extended to various research areas9-14
including energy storage systems like Li-S batteries15, as well as enzyme catalysis16,
photocatalysis17, and even cellular NO sensor18. Therefore, SACs are continuously
showing great potentials for wide applications.
The most significant distinction between SACs and other types of catalysts is their unique
single-atom-site which both increases the atomic utilization efficiency and tailors the
interaction between the reactant and metal atoms through the adsorption and activation
process. For example, Yan et al. reported the Pd1/graphene SACs showed a high butane
selectivity in the hydrogenation of 1,3-butadiene, where the adsorption of 1,3-butadiene on
Pd1 was mainly in a mono-π mode, which differs from that on Pd bulk3. Duchesne and coworkers showed that the Pt single atoms on Au nanoparticles (NPs) exhibited superior
catalytic performance in formic acid oxidation. Such a high activity of Pt4Au96 is ascribed
to the weakened CO adsorption on single and few Pt atoms than that on Pt bulk19. Li and
co-workers demonstrated that the Pt1/Co3O4 exhibited a much weaker H2 adsorption energy
than Pt bulk, thus leading to its high catalytic performance in the dehydrogenation of
ammonia borane5.
However, because of their highly un-saturated coordination environment, single atoms
possess a dramatically increased surface free energy which can lead to their aggregation
into NPs, particularly at high metal loadings. Recently, some strategies have been
developed to achieve SACs. These methods include zeolite or mesoporous carbon to
stabilize single atoms through a confinement strategy20-23, metal-organic frameworks
(MOFs) to achieve SACs through high-temperature pyrolysis24, metal NPs to achieve
SACs through high-temperature migration25,

26

, and a high-temperature shock wave

treatment to achieve SACs27. However, there are yet some restrictions on these developed
methods such as general applicability. Therefore, developing a general approach for the
synthesis of various types of SACs is highly desired.

153

Atomic layer deposition (ALD), a sequential surface reaction relying on a self-limiting
process is used to synthesize non-noble single atoms such as Fe and Co28, 29. Unfortunately,
it results in a low metal loading and the formation of NPs, especially on carbon-based
supports due to the high dissociation barrier and predominantly physical adsorption of
metal precursors28-31. Therefore, a new reasonable route to produce SACs by ALD may be
achieved by lowering the dissociation energy of the ALD precursor. For instance, this high
dissociation energy might be strongly reduced on a metal surface31-33. Accordingly, the use
of metal single atoms as the catalyst to facilitate the dissociation of ALD precursors to
synthesize SACs would be very promising. To the best of our knowledge, this new SACs
producing strategy which uses single atoms as the catalysts has never been reported.
In this work, we firstly verified the strategy by using Pt single atoms on N-doped carbon
nanosheets (Pt1/NCNS) as the catalyst to synthesize Co SACs through ALD. X-ray
absorption spectroscopy (XAS) results reveal singly dispersed Co1 atoms. Interestingly, the
Pt1 atoms are still atomically dispersed after Co deposition, as confirmed by XAS and highangle annular dark-field scanning transmission electron microscopy (HAADF-STEM).
Furthermore, we also show that this synthesis strategy is general and can also be easily
extended to achieve Fe and Ni SACs. X-ray absorption near edge structure (XANES)
simulation and extended X-ray absorption fine structure (EXAFS) analysis results
demonstrate that the achieved Co, Fe, and Ni SACs are in the M1-pyrrolic-N4 structure (M
= Fe, Co, and Ni). Density functional theory (DFT) calculations show that Pt1 atoms
promote the dissociation of Co(Cp)2 into CoCp and Cp fragments. The Co(Cp) product
further deposited on the substrate through strong chemisorption, thus leading to a higher
metal loading and formation of Co1 atoms. These SACs were evaluated under hydrogen
evolution reaction (HER) and the nature of single-atom sites are unveiled by the operando
XAS studies. Moreover, in the oxygen evolution reaction (OER), the Ni1 SAC showed
much higher activity than Fe1 and Co1 SACs, which is in line with the DFT predictions.

7.2 Experimental section
Methods
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Synthesis of g-C3N4. 12 g of urea was put into an alumina crucible with a cover and then
heated to 580 °C at a rate of 3 °C/min in a muffle furnace and maintained at this temperature
for 4 h. After cooling down to room temperature, ~ 600 mg of bulk g-C3N4 was obtained.
Synthesis of N-doped carbon nanosheet. The synthesis method for the N-doped carbon
nanosheets is based on a previous report34. Typically, 500 mg g-C3N4 was mixed with 2.16
g glucose and dispersed in 40 mL of deionized water under sonication for 5 h. After that,
the suspension was transferred to a Teflon autoclave and heated at 140 °C for 11 h in an
oven. The product was collected by centrifugation and washed with water and ethanol
several times, then dried under vacuum at 60 °C overnight. After that, the dried powder
was heated up to 900 °C in Ar at a rate of 5 °C/min and maintained at this temperature for
1 h to achieve the N-doped carbon nanosheet (NCNS).
Synthesis of Pt1/NCNS. Pt was deposited on the as-prepared NCNS by ALD (Savannah
100, Cambridge Nanotechnology Inc., USA) using trimethyl(methylcyclopentadienyl)platinum (IV) (MeCpPtMe3) and O2 as precursors. High-purity N2 (99.9995%) was used
as both a purging gas and carrier gas. The deposition temperature was kept at 150 °C, while
the container for MeCpPtMe3 was heated to 65 °C to provide a steady flux of Pt to the
reactor. The manifold was kept at 115 °C to avoid any condensation5. The timing sequence
of one cycle Pt ALD was 15s and 30s for MeCpPtMe3 exposure and N2 purge respectively.
Subsequently, the ALD chamber was heated up to 250 °C, with 30s O2 exposure and 30s
N2 purge to remove the ligand.
Synthesis of M1Pt1/NCNS (M = Fe, Co, and Ni). The M ALD is conducted on as prepared
Pt1/NCNS. The precursors used for Co, Fe, and Ni are Ferrocene (Fe(Cp)2), Cobaltocene
(Co(Cp)2), and Nickelocene (Ni(Cp)2). High-purity N2 (99.9995%) was used as both a
purging gas and carrier gas. The deposition temperature was kept at 250 °C, while the
container for M(Cp)2 was heated to 90 °C to provide a steady flux of precursor to the
reactor. The manifold was kept at 140 °C to avoid any condensation. The timing sequence
of one cycle M ALD was 15s and 30s for M(Cp)2 exposure and N2 purge respectively.
Subsequently, the ALD chamber was heated up to 300 °C, with 30s O2 exposure and 30s
N2 purge to remove the ligand.
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Instrumentation. TEM samples were prepared by drop-casting an ultrasonicated solution
of dilute high-performance liquid chromatography grade methanol solution with the
sample of interest onto a lacey carbon grid. The TEM characterization was carried out on
a FEI Titan Cubed 80-300 kV microscope equipped with spherical aberration correctors
(for probe and image forming lenses) at 200 kV. Atomic-resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) images were taken
using a double spherical aberration-corrected FEI Themis microscope operated at 300 kV.
The corresponding inner and outer collection semi-angles for HAADF imaging were 48200 mrad. Dual EELS spectrum imaging was performed at a collection semi-angle of 28.7
mrad with a dispersion of 0.5 eV/channel. The metal loadings were analyzed using an
inductively coupled plasma optical emission spectrometer (ICP-OES) with samples
dissolved in hot fresh aqua regia overnight and filtered.
Electrochemical measurements. The electrochemical measurements were performed
using a glassy carbon rotating-disk electrode as the working electrode with carbon paper
and a standard hydrogen electrode as the counter and reference electrodes, respectively.
An ink for the electrochemical measurement was prepared by adding 2 mg of the catalyst
into 1 mL ethanol, and Nafion (5% solution, Sigma-Aldrich, 20 μL), followed by
sonication for 10 min. A working electrode was prepared by loading the ink (10 μL) on the
glassy carbon electrode. The HER test was carried out in N2-saturated 0.5 M H2SO4 with a
scan rate of 0.01 V s-1. The durability test was carried out in 0.5 M H2SO4 between -0.1
and 0.4 V at a scan rate of 0.1 V s-1. The OER LSV polarization curves were measured in
a O2-saturated electrolyte at a sweep rate of 5 mV s-1. The durability test was carried out
on a constant current density of 10 mA/cm2. The measured potential against the reference
electrode was converted to a reversible hydrogen electrode (RHE) according to RHE =
EHg/HgSO3 + 0.915 in 1 M KOH.
XAS measurements. XAS measurements were conducted on the 061D superconducting
wiggler at the hard X-ray microanalysis (HXMA) beamline at the Canadian Light Source
(CLS) and beamline 20-ID-C at the CLS@APS of the Advanced Photon Source (APS),
Argonne National Laboratory (ANL).
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At the HXMA beamline, each spectrum was collected using fluorescence yield mode with
a Canberra 32 element Ge detector. The beamline initial energy calibration for the different
edges was made by using the corresponding metallic foils from Exafs Materials, and the
same metallic foil was further set between two FMB Oxford ion chamber detectors
downstream to the sample, making in-step energy calibration available for each individual
XAFS scan.
At 20-ID-C beamline, the XAS measurements were conducted at A Si (111) fixed-exit,
double-crystal monochromator was used. Harmonic rejection was facilitated by detuning
the beam intensity 15% at ∼1000 eV above the edge of interest. The measurements were
performed in fluorescence mode using a four-element Vortex Si Drift detector. Details on
the beamline optics and instruments can be found elsewhere35.
Operando XAFS measurements were performed with catalyst-coated carbon paper using a
custom-built cell. The carbon paper was pretreated with concentrated nitric acid at 80 °C
overnight to ensure thorough electrolyte wetting. The catalyst ink was prepared with the
same method as for the electrochemical measurements. The catalyst ink was dropped onto
the carbon paper, and the backside of the carbon paper was taped with the Kapton film as
the working electrode to ensure the entirety of the electrocatalyst had access to the H2SO4
electrolyte. Carbon paper and Ag/AgCl were used as the counter and reference electrodes.
To collect the XAFS spectra during the HER process, the cathodic voltages were held at
constant potentials during the operando experiment from 0.05 to -0.05 V (vs RHE),
respectively.
XANES modeling. To further understand the nature of experimental resolved XANES
features and address them to the structural and chemical nature of M (Fe, Co, and Ni) site
occupancy and their corresponding local structural environment, DFT theoretical modeling
guided XANES theoretical modeling was carried out by using code FDMNES, following
standard procedure36. For instance, a Co centered cluster was developed based on the
structure model predicted by DFT. The radius of the cluster is around 6 Å, corresponding
roughly to the detection limit of the XAFS data.
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EXAFS data analysis. The data reduction was using codes Athena37. The followed
EXAFS R space curve fitting was performed using WINXAS version 2.3, following the
procedure reported reference38. In brief, the first inflection point of the XANES edge was
defined as the experimental E0, the post-absorption edge background was estimated and
removed by cubic spline fits. Based on the local structural environment predicted by DFT
theatrical modeling, the scattering amplitudes and phases were calculated using FEFF7.02
and further used for R space curve fitting39. The k rages for FT-EXAFS for Pt L3, Fe, Co,
and Ni K edges are 3.15-11.57, 2.50-11.16, 2.37-10.90, and 2.33 to 10.48 Å-1, respectively.
Theoretical and computational methods. First-principles calculations were performed
by using the spin-polarized Kohn-Sham formalism with the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 40, as implemented in the Vienna
ab initio Simulation Package (VASP 5.4.4) 41. The valence electronic states of all atoms
were expanded in a plane-wave basis set with a cutoff energy of 400 eV, and gamma points
were used for Brillouin zone integration. All atoms were allowed to relax until the forces
fell below 0.02 eV Å-1. The energy convergence criterion was set to 10-5 eV. The zeropoint vibrational energy (ZPE) and entropy corrections were performed by vibrational
frequency analysis. We applied a graphene supercell with the surface periodicity of 8×8
including 128 atoms as a basis to construct the M-pyrrolic N4 moieties. A vacuum region
of 15 Å in the normal direction of the graphene plane was created to ensure negligible
interaction between mirror images of the supercells.

7.3 Results and discussion
Direct fabrication of Pt and Co single atoms on NCNS using ALD. Graphene like
NCNS (Figures 7.1a and S7.1) was firstly achieved using C3N4 as the template and
glucose as the carbon source34. N K-edge XANES results indicate that there are various
types of N species including pyridinic, pyrrolic, and graphitic N on NCNS (Figure 7.1b)
42

. According to the literature, the N defects can coordinate with metal species and form a

stable SAC7. Therefore, the NCNS substrate shows high potential for the synthesis of
SACs. After performing one cycle of Pt ALD on NCNS, well-dispersed Pt single atoms
were confirmed by HAADF-STEM (Figure S7.2) and XAS results (Figure S7.3) 43. The
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loading of Pt is as high as 2.0 wt% based on the inductively coupled plasma optical
emission spectrometer (ICP-OES) results.
Since the NCNS shows great potential to support Pt1 atoms, it has the possibility to act as
a suitable substrate for other types of SACs. Using ALD, we performed one cycle of Co
ALD on NCNS with Co(Cp)2 and O2 as the precursors. However, unlike the formation of
Pt1 atoms, we found obvious Co NPs/clusters in HAADF-STEM (Figure S7.4) and Co-Co
coordination from the EXAFS results at the Co K edge (Figure 7.1c), indicating the
formation of Co NPs (Co-NPs/NCNS). Besides the formation of Co NPs, we also noticed
a very low metal loading of Co (0.5 wt%). Such a low loading of Co indicates limited
physisorption after the dose of Co(Cp)2 precursor, and the unreacted Co(Cp)2 would be
purged away by N2 as illustrated in (Figure S7.5), leading to a low effective Co
deposition30. Unfortunately, the weak adsorption effect of Co(Cp)2 on NCNS will form Co
NPs due to the weak interaction between Co species and substrate when O2 is introduced.
Therefore, the direct Co ALD process to produce Co single atoms on NCNS is not
successful.
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Figure 7.1 Characterizations for pristine NCNS, Co-NPs/NCNS, and proposed
synthesis strategies for Co SAC. (a) STEM image of NCNS. (b) XANES of NCNS at N
K edge. (c) FT-EXAFS of Co-NPs/NCNS, as well as Co foil and Co3O4 reference at Co K
edge, respectively. (d) Assumption of the Co ALD process on pristine NCNS and
Pt1/NCNS. The white, brown, blue, and orange spheres represent H, C, N, and Co,
respectively
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Figure 7.2 XAS characterizations for M1Pt1/NCNS catalysts. (a-c) Radial distribution
curve from FT-EXAFS of Co-NPs/NCNS, Co1Pt1/NCNS, Fe-NPs/NCNS, Fe1Pt1/NCNS,
Ni-NPs/NCNS, and Ni1Pt1/NCNS, respectively, as well as their corresponding foil and
oxide reference at Co, Fe, and Ni K edges. (d-f) Wavelet-transformed spectra of
Co1Pt1/NCNS, Fe1Pt1/NCNS, Ni1Pt1/NCNS, as well as their corresponding foil and oxide
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reference at Co, Fe, and Ni K edges. (g and h) XANES and FT-EXAFS of Pt1/NCNS,
Co1Pt1/NCNS, Fe1Pt1/NCNS, and Ni1Pt1/NCNS, respectively, as well as Pt foil and PtO2
reference at Pt L3 edge. (i) ICP-OES results of M (Fe, Co, and Ni) metal loadings.
Synthesizing metal M (M=Co, Fe, and Ni) SACs using pre-located isolated Pt1 atoms.
Inspired by previous research, the dissociation of Co(Cp)2 will be enhanced on the metal
surface44. In our system, the Pt single atoms are easy to achieve and the Pt-based catalysts
are active in many chemical reactions. Therefore, the singly dispersed Pt1 atoms may have
the similar ability and could be able to decrease the dissociation energy of Co(Cp)2, which
may increase the Co loading and more importantly to achieve Co single atoms. With this
idea in mind, we first conducted one cycle of Pt ALD on NCNS to achieve Pt1/NCNS and
followed up with one cycle of Co ALD to verify our assumption (Figure 7.1d). After
performing one cycle of Co ALD on Pt1/NCNS substrate, the Co K edge EXAFS of this
sample exhibits only one single peak at 1.57 Å (Figure 7.2a), which can be attributed to
the first shell of Co-C/N/O coordination. Meanwhile, the coordination of Co-Co is
negligible, indicating that the Co species mostly exist as single atoms from the new
synthesis strategy. In the following parts, this sample is denoted as Co1Pt1/NCNS.
In order to further extend the application of this synthesis strategy to other SACs such as
Fe and Ni, we have chosen to use the Fe and Ni ALD precursors with similar chemical
structures as that of Co, i.e., ferrocene and nickelocene, respectively. Similarly, Fe and Ni
single atoms also cannot be achieved by ALD on pristine NCNS as revealed by Fe-Fe and
Ni-Ni coordination in the EXAFS results (Figures 7.2b and c). In contrast, the Fe-Fe and
Ni-Ni coordination are significantly depressed when performing one cycle of Fe and Ni
ALD on Pt1/NCNS (Fe1Pt1/NCNS and Ni1Pt1/NCNS) (Figures 7.2b and c). Wavelettransform EXAFS results further verified the atomically dispersed Co, Fe, and Ni single
atoms, which differs from that of their foil and oxide (Figures 7.2d to f).
More interestingly, the Pt L3 edge XANES (Figure 7.2g) and XPS (Figure S7.6) results
show inconspicuous differences, indicating the electronic properties of Pt on these
M1Pt1/NCNS samples are close to that on Pt1/NCNS. Pt L3 edge EXAFS results further
confirm the stable local structure of the Pt1 atom (Figure 7.2h). Typical EXAFS fitting on
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Co1Pt1/NCNS at Pt L3 edge also demonstrates the unchanged atomic nature of Pt single
atoms (Figure S7.7 and Table S7.1). These results indicate that the Pt1 atoms are still
atomically dispersed after the deposition of Co, Fe, and Ni. This observation provides
strong evidence that the Pt1 atoms only act as the catalyst, while it changes the deposition
process of Co, Fe, and Ni, but does not lose the atomic dispersion or form a Pt-Co/Fe/Ni
cluster, because of the lack of metal-metal coordination in Pt L3, Fe, Co, and Ni K edges
EXAFS results. Subsequently, we examined the Co loading through ICP-OES after
performing one cycle of Co ALD on pristine NCNS and Pt1/NCNS (Figure 7.2i). The ICPOES results show that the Co loading of Co1Pt1/NCNS (1.8 wt%) is more than three times
higher than that of Co-NPs/NCNS (0.5 wt%). Similar results are also observed on Fe and
Ni, showing low Fe and Ni loadings on Fe-NPs/NCNS and Ni-NPs/NCNS (0.6 and 0.5
wt%) but much higher on Fe1Pt1/NCNS and Ni1Pt1/NCNS (1.6 and 2.2 wt%), respectively.
These results unambiguously demonstrate that the Pt1 atoms change the adsorption model
of M precursors to predominantly chemisorption which promotes the degree of effective
deposition. However, when the M ALD was performed on pristine NCNS, physisorption
is dominant, thus leading to a low metal loading because of less effective deposition.
Morphology of M1Pt1/NCNS catalysts. The morphology of M1Pt1/NCNS catalysts is
characterized by HAADF-STEM. As shown in Figures 7.3a, e, and i, no observable Pt or
M NPs can be found at low magnification. Energy dispersive X-ray (EDX) mapping results
show the Pt and M elements are well dispersed on the NCNS substrate (Figures 7.3b, f, j
and S7.8 to S10), indicating their uniform dispersion and high density. At high
magnification, high-density bright Pt single atoms (white circles) can be found on
Co1Pt1/NCNS (Figures 7.3c and S7.8f), Fe1Pt1/NCNS (Figures 7.3g and S7.9f), and
Ni1Pt1/NCNS (Figure 7.3k and S7.10f). All the visible Pt atoms are singly dispersed
without any obvious clusters or NPs. Meanwhile, some isolated atoms with less brightness
were also found to reside nearby the bright Pt1 atoms, which can be assigned to Fe, Co, and
Ni single atoms due to their lower Z contrast. Furthermore, when the electron energy loss
spectroscopy (EELS) was measured at the atoms with less brightness on Co1Pt1/NCNS, the
signals of Co L2 and L3 could also be detected (Figure 7.3d), confirming the existence of
Co1 atoms. Similar results can be also found on Fe1Pt1/NCNS (Figure 7.3h) and

163

Ni1Pt1/NCNS (Figure 7.3i). Taken together, the EXAFS and HAADF-STEM results
demonstrate the single-atom nature of both Pt and M atoms on NCNS.

Figure 7.3 Morphology of M1Pt1/NCNS catalysts. STEM images of Co1Pt1/NCNS (a),
Fe1Pt1/NCNS (e), and Ni1Pt1/NCNS (i) at low resolution and corresponding EDX mapping
(b, f, and j). HAADF-STEM images on Co1Pt1/NCNS (c), Fe1Pt1/NCNS (g), and
Ni1Pt1/NCNS (k) samples. The white circles highlight the Pt single atoms. The red circles
highlight the Co, Fe, and Ni single atoms, respectively. (d, h, and l) Corresponding EELS
spectra at the location of red dash circle in (c), (g), and (k).
Structure identification of M SACs. Using this synthesis strategy, we have successfully
achieved Co, Fe, and Ni SACs. Unveiling the local structure of these SACs is critical for
us to understand the synthesis mechanism and their catalytic applications. XANES
spectroscopy is very sensitive to the local geometric structure of the photon-absorbing
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atom, which provides a better option to understand the local atomic structure. As shown in
Figures 7.4a to c, the Co1Pt1/NCNS, Fe1Pt1/NCNS, and Ni1Pt1/NCNS at Co, Fe, and Ni K
edge XANES spectra, respectively, show significant differences from their corresponding
foil and oxide references. We also notice that the XANES spectra of Co1Pt1/NCNS,
Fe1Pt1/NCNS, and Ni1Pt1/NCNS are nearly identical, indicating a similar local
coordination environment of M1Pt1/NCNS catalysts. This can be delineated since the kdependent absorber phase shift of Fe, Co, and Ni, adjacent in the periodic table, is very
similar. Taking the first derivative XANES of M1Pt1/NCNS, the energy position of the
point of first inflection suggests that the oxidation states of Fe, Co, and Ni are close to +3,
+2, and +2, respectively. These observations are perfectly in line with the XPS results
(Figure S7.11).
Focusing on the Co1Pt1/NCNS catalyst, we first compared the modeling XANES result
based on a recently reported Co-C4-O2 type Co1 atom on graphene using ALD (Figure
S7.12a)45. Significant differences can be observed between the theoretical simulated
XANES and experimental results, indicating the necessity to consider the critical role of N
atoms. We then further compared the reported pyridinic-N4-based Co1-N4 structure, which
still shows the obvious difference with our experimental XANES results (Figure S7.12b),
suggesting the existence of defects in this model as well. Then we progressively add one
and two end-on oxygen moieties along the axial direction of the pyridinic Co1-N4 structure
(Figures S7.12c and d). Although parts of the experimentally resolved features can be
reproduced and achieve a satisfactory agreement with the Co1Pt1/NCNS Co K edge
XANES results, the short Co-N bonding distance (less than 1.90 Å) disagrees with our
EXAFS results (Figure 7.2a). Considering that there is a large proportion of pyrrolic-N in
the NCNS support, the possibility of a pyrrolic-N4 type Co1-N4 structure cannot be ruled
out. As shown in Figure S7.12e, the simulated XANES result of pyrrolic-N4-based Co1N4 showed much better conformity than the pyridinic-N4 structure. We then further added
one molecule of dioxygen with end on coordination on Co1 atom, the features from “b” to
“d” are well reproduced but the pre-edge feature “a” is exaggerated (Figure S7.12f).
However, when we added another molecule of dioxygen on the Co1 atom at the opposite
side, we surprisingly found all the features from “a” to “d” can be correctly reproduced
(Figure 7.4d). Similarly, the simulated 2O2-Fe1-pyrrolic N4 and 2O2-Ni1-pyrrolic N4
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XANES spectra (Figures 7.4e and f) show the most satisfactory results compare with other
DFT optimized structures (Figures S7.13 and 14). It is important to note, this is the first
time that general M1-pyrrolic N4 type SACs can be achieved using ALD, as this type of
SACs is usually achieved through high-temperature pyrolysis and ball-milling methods 46,
47

. Bedsides the above XANES simulation, we also carried out the EXAFS fitting and the

results consistently demonstrate the 2O2-M1-pyrrolic N4 moiety (Figures 7.4g to i, S7.15
to 18, and Table S7.2). It is worth noting that the EXAFS results perfectly match the DFT
results (Table S7.3). In summary, a close local structure of Co1Pt1/NCNS, Fe1Pt1/NCNS
and Ni1Pt1/NCNS from simulated XANES and EXAFS fitting results strongly suggest the
same deposition mechanism for Co, Fe, and Ni ALD on Pt1/NCNS, which indicates that
this synthesis strategy can be a universal approach to achieve M1-pyrrolic N4 type SACs
using Pt1 atoms.
Theoretical understanding of deposition process. Having resolved the structures of
M1Pt1/NCNS and Pt1/NCNS, we carried out DFT calculations to gain a deep understanding
of the deposition mechanism. Considering the similar structure of Co, Fe, and Ni ALD
precursors and local structures of Co1Pt1/NCNS, Fe1Pt1/NCNS, and Ni1Pt1/NCNS
catalysts, typical Co ALD process is chosen for the following theoretical investigation. As
shown in Figure 7.5a, the Co(Cp)2 has moderate adsorption (ΔGad = -0.32 eV) but very
high dissociation energy (ΔGde = 4.91 eV) on the pristine NCNS. Therefore, the
physisorption of Co(Cp)2 should be dominant on pristine NCNS. This physically and
weakly adsorbed Co(Cp)2 will lead to a low metal loading from inefficient deposition
(Figure 7.2i). Due to the weak physisorption, Co species will easily aggregate because of
the lack of strong chemical bonding with the substrate. Therefore, Co NPs were observed
in the direct Co ALD process on NCNS (Figure 7.1c). However, when Pt1 atoms are
involved in the Co ALD process, the deposition model differs considerably. Although the
adsorption of Co(Cp)2 on Pt1 atom is slightly weaker (ΔGad = +0.06 eV), the dissociation
energy of Co(Cp)2 is reduced to ΔGde = 3.54 eV. The lower dissociation energy can be
attributed to the electron transfer from Cp to the Pt1/NCNS, thus weakening the interactions
between Co and Cp, which facilitates the dissociation process (Figure S7.19 and Table
S7.4). Considering it is a gas phase reaction, the Co(Cp) likely diffuses and deposits on the
unoccupied pyrrolic N4 sites through chemisorption (ΔGad = -1.03 eV). Such a strong
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chemical bonding of Co with pyrrolic N4 sites will form a stable Co1 structure after the O2
pulse to remove the Cp ligand. It is worth noting that the introduction of O2 may also
remove the attached Cp ligand on the Pt1 atom and recover the structure of Pt1/NCNS as
shown in the Pt L3 XANES and EXAFS results (Figures 7.2g and h). As a result, when
the Co ALD is performed on Pt1/NCNS, Co single atoms will form and Pt1 atoms will
remain atomic dispersion (Figure 7.5b). These theoretical calculations results indicate this
synthesis strategy could be universal for the rational design of SACs (Figure S7.20).

Figure 7.4 Identification of the local structure of M1Pt1/NCNS catalysts. (a to c) The
experimental K-edge XANES spectra and first derivative curves (insets) of M1Pt1/NCNS
and references samples. (d-f) Comparison between the experimental K-edge XANES
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spectra of M1Pt1/NCNS and the simulated spectra. Some of the main features reproduced
are highlighted at points “a” to “d”. Fitting results of the k3-weighted FT spectrum of
M1Pt1/NCNS at Co (g), Fe (h), and Ni (i) K edges. The white, brown, blue, red, orange,
green, and pink spheres represent H, C, N, O, Co, Fe, and Ni, respectively.
Theoretical simulation and electrocatalytic performance of M1Pt1/NCNS. The
capability of application for the achieved M1Pt1/NCNS catalysts was further evaluated in
electrochemical reactions. Prior to the experiment, we first studied the projected density of
state (pDOS) of various M1-pyrrolic N4 sites. As shown in Figure 7.6a, the Co1-pyrrolic
N4 and Fe1-pyrrolic N4 show higher DOS near the Fermi level than that of Ni1-pyrrolic N4.
As is known, the high electron densities near the Fermi level could facilitate the adsorption
of H+ 48-50. Further calculated hydrogen adsorption free energy on Co1-pyrrolic N4 catalyst
is closer to zero than that on Fe1-pyrrolic N4, indicating its relatively higher catalytic
performance in HER (Figure S7.21). While the Ni1-pyrrolic N4 shows the weakest H
adsorption ability, indicating its unsatisfactory HER activity. This theoretical prediction is
confirmed by the experiment, in which the Co1Pt1/NCNS showed higher activity than
Fe1Pt1/NCNS and Ni1Pt1/NCNS (Figure 7.6b). The higher catalytic activity of Co1Pt1/NCNS than the Pt1/NCNS could be the contributions of Co1 atoms in HER (Figures
S7.22 and 23)51, 52. The Co1Pt1/NCNS also exhibits good stability without showing any
obvious activity decrease after 8,000 cycles durability test (Figure S7.24). Although the
Ni1-pyrrolic N4 site exhibits low catalytic activity in HER, the high d-center near the Fermi
level on the Ni1 atom (Figure 7.6a and Table S7.5) shows the promising application in
OER53. In the experiment, the Ni1Pt1/NCNS shows the best catalytic performance among
various SACs catalysts in OER (Figure 6c), which confirms the theoretical prediction
(Figures S7.25 and 26). The NCNS shows inert catalytic activity in OER, indicating the
carbon corrosion is not obvious (Figure S7.27).
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Figure 7.5 Illustration of theoretical understanding of the Co ALD process. (a)
Theoretical reaction coordinate for Co(Cp)2 deposition on pristine NCNS and Pt1/NCNS.
(b) Illustration of Co ALD process on Pt1/NCNS. The white, brown, blue, orange, and
silver spheres represent H, C, N, Co, and Pt, respectively.
The non-noble SACs are reported to show promising HER performance but understanding
the nature of active sites under HER is not been systematically investigated yet. Therefore,
in order to better understand the nature of single-atom sites under reaction, operando XAS
experiments were conducted on M1Pt1/NCNS under HER at Fe, Co, and Ni K edges,
respectively (Figure S7.28). As shown in Figure 7.6d, a distinct energy chemical shift in
the XANES white-line (WL) region can be observed on Fe1Pt1/NCNS at Fe K edge from
7132.7 to 7127.7 eV when the overpotential is applied on 0.05 V. This operando XANES
results indicate the reduced oxidation state of Fe from +3 to +2. This Fe3+ / Fe2+ redox
transition is probably from the desorption of covered O species or impressed voltage, which
would lead to a distorted Fe2+-N4 structure 47, 54. As shown in Figure 7.6e, an obvious WL
intensity decrease can be found on the Co1Pt1/NCNS at Co K edge with the increasing
overpotentials. Unlike the results of Fe, the E0 on the Co K edge keeps constant (Figure
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S7.29b). This decreased WL intensity indicates the filling of p electrons on Co, which
could play an important role in the HER. The constant E0 is likely from the charge
redistribution from the hybridization among atomic orbitals in Co, which results in the
negligible net effect on E0. In sharp contrast with the operando XANES results on Fe1 and
Co1 atoms, neither the E0 nor the WL intensity on Ni K edge of Ni1 atoms showed obvious
changes (Figures 7.6f and S7.29c), indicating the Ni1-pyrrolic N4 sites may be intact under
HER. We also measured the operando XANES on the Fe, Co, and Ni -NPs/NCNS under
HER for comparison, where no changes can be found on all the spectra (Figure S7.30).
These apparently insensitive responses under electrochemical reactions might lead to their
poor activity in HER (Figure S7.31).

Figure 7.6 Theoretical and experimental electrocatalytic analysis on M1Pt1/NCNS (M
= Co, Fe, and Ni). (a) Projected density of state (pDOS) on the M1 3d orbitals with the
Fermi level set at zero. HER (b) and OER (c) LSV curves of M1Pt1/NCNS and Pt1/NCNS
with IR correction. (d-f) Operando XANES study on M1Pt1/NCNS catalysts in HER
working conditions under different potentials at Fe, Co, and Ni K edges, respectively.
Inserts: the enlarged area of the XANES region in the dash square.
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7.4 Conclusion
For the first time, the synthesis of M1-pyrrolic N4 type SACs has been successfully
achieved using heterogeneously supported Pt1 atoms as catalysts. This general M1-pyrrolic
N4 framework is confirmed by XANES simulation and EXAFS analysis. DFT calculations
show that the Pt1 atoms act as the catalyst to modulate the adsorption behavior and promote
the dissociation of Co(Cp)2 in Co ALD, which leads to the chemical binding of CoCp on
the pyrrolic N4 site and formation of Co single atoms. More importantly, this synthesis
strategy can be extended to achieve Fe and Ni SACs. These SACs are evaluated under HER
and the nature of single-atom sites are further unveiled by the operando XAS studies. In
OER, the Ni1Pt1/NCNS catalyst show much better catalytic activity than the Fe and Co
SACs counterparts, which is in excellent agreement with DFT prediction. These new
findings extend the application fields of SACs to catalytic fabrication methodology, which
is promising for the rational design of advanced SACs.
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Supporting information

Figure S7.1. HAADF-STEM images of NCNS at different locations.
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Figure S7.2. HAADF-STEM images of Pt1/NCNS at low (a) and high (b) magnification.

Figure S7.3. (a) XANES and (b) EXAFS of Pt1/NCNS, as well as Pt foil and PtO2
reference at Pt L3 edge. Inset: averaged oxidation state of Pt on Pt1/NCNS based on the
white line area.
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Figure S7.4. HAADF-STEM images of Fe (a), Co (b), Ni-NPs/NCNS (c). Scale bar: 5
nm. The white arrows highlight the clusters/NPs.

Figure S7.5. Illustration of Co ALD process on NCNS. The white, blue, brown, and
orange spheres represent H, N, C, and Co, respectively.
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Figure S7.6. XPS results of Pt1/NCNS, Co1Pt1/NCNS, Fe1Pt1/NCNS, and Ni1Pt1/NCNS
at Pt 4f region.
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Figure S7.7. k3-weighted FT spectrum in R space fitting for Co1Pt1/NCNS at Pt L3 edge.

Figure S7.8. (a) STEM image and EDX elemental analysis. (b to e) EDX mapping. (f)
high magnification HAADF-STEM image of Co1Pt1/NCNS.
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Figure S7.9. (a) STEM image and EDX elemental analysis. (b to e) EDX mapping. (f)
high magnification HAADF-STEM image of Fe1Pt1/NCNS.

Figure S7.10. (a) STEM image and EDX elemental analysis. (b to e) EDX mapping. (f)
high magnification HAADF-STEM image of Ni1Pt1/NCNS.
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Figure S7.11. XPS results of Co1Pt1/NCNS at Co 2p region (a), Fe1Pt1/NCNS at Fe 2p
region (b), and Ni1Pt1/NCNS at Ni 2p region (c).
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Figure S7.12. Comparison between the experimental Co K-edge XANES spectrum of
Co1Pt1/NCNS and computational spectra based on the optimized structures. The white,
blue, brown, red, and orange spheres represent H, N, C, O, and Co, respectively.
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Figure S7.13. Comparison between the experimental Fe K-edge XANES spectrum of
Fe1Pt1/NCNS and computational spectra based on the optimized structures. The white,
blue, brown, red, and green spheres represent H, N, C, O, and Fe, respectively.
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Figure S7.14. Comparison between the experimental Ni K-edge XANES spectrum of
Ni1Pt1/NCNS and computational spectra based on the optimized structures. The white,
blue, brown, red, and pink spheres represent H, N, C, O, and Ni, respectively.
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Figure S7.15. k3-weighted FT spectrum in R space fitting for Co foil (a) and Co3O4 (b) at
Co K edge.
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Figure S7.16. k3-weighted FT spectrum in R space fitting for Fe foil (a) and Fe2O3 (b) at
Fe K edge.
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Figure S7.17. k3-weighted FT spectrum in R space fitting for Ni foil (a) and NiO (b) at
Ni K edge.
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Figure S7.18. k3-weighted FT spectrum in k space fitting for M1Pt1/NCNS at Co (a), Fe
(b), and Ni (c) K edges.
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Figure S7.19. Calculated charge density difference plot for Co(Cp)2 adsorption on the
Pt1/NCNS. Yellow and cyan iso-surface represent electron accumulation and electron
depletion, respectively. The white, blue, brown, orange, and silver spheres represent H,
N, C, Co, and Pt, respectively.

Figure S7.20. Illustration of the synthesis process to achieve SACs using pre-located
isolated atoms.
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Figure S7.21. Calculated free energy proﬁles of HER at the equilibrium potential on M1pyrrolic N4 sites.

Figure S7.22. DFT optimized structures and calculated free energy proﬁles of HER at the
equilibrium potential of single-layered (a to e) and double-layered (f) Co1Pt1/NCNS.
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Figure S7.23. Top and side view of the calculated charge distribution of single (a) and
double (b)-layered Co1Pt1/NCNS. Yellow and cyan iso-surface represent electron
accumulation and electron depletion, respectively. The white, blue, brown, orange, and
silver spheres represent H, N, C, Co, and Pt, respectively.
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Figure S7.24. The durability test of Co1Pt1/NCNS at the sweep voltage between -0.1 and
0.4 V at a scan rate of 0.1 V s-1 in 0.5 M H2SO4
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Figure S7.25. Computationally proposed reaction scheme for OER at alkaline condition
on Ni1-pyrrolic N4 site. The brown, blue, red, and pink spheres represent C, N, O, and Ni,
respectively.
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Figure S7.26. The theoretically predicted activity of OER and electrochemical
performance of M1Pt1/NCNS (M = Co, Fe, and Ni). (a) Relative Gibbs free energy for
M1Pt1/NCNS for OER at 1.23 V. (b) Mass activity of Fe1Pt1/NCNS, Co1Pt1/NCNS, and
Ni1Pt1/NCNS at 1.70 V (vs RHE). (c) Tafel plots of M1Pt1/NCNS catalysts. (d) The
durability test of Ni1Pt1/NCNS at a constant current density of 10 mA/cm2.
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Figure S7.27. OER LSV curves NCNS under 1 M KOH at a scan rate of 5 mV/s.
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Figure S7.28. Illustration of the electrochemical cell used for operando XAS
measurements.
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Figure S7.29. Derivative operando XANES spectra at the Fe, Co, and Ni K edges for
Fe1Pt1/NCNS, Co1Pt1/NCNS, and Ni1Pt1/NCNS, respectively.
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Figure S7.30. Operando XANES on Fe (a), Co (b), and Ni (c) -NPs/NCNS under HER
condition at Fe, Co, and Ni K edges, respectively.

197

Figure S7.31. Electrocatalytic performance of Fe, Co, and Ni-NPs/NCNS in HER.
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Table S7.1. Structural parameters of the Co1Pt1/NCNS, Pt foil, and PtO2 references
extracted from quantitative EXAFS curve-fittings.
σ2
Sample

Path

CNs

R (Å)

ΔE0

(10-3Å2)

(eV)

Pt foil

Pt-Pt

12.0

2.76

6.0

7.7

PtO2

Pt-O

6.0

2.02

3.0

1.0

2.1

1.98

1.3

2.1

2.05

1.7

Pt-C
Pt-N

4.8

Co1Pt1/NCNS
Pt-C
Pt-C

3.8

2.89

8.0

4.0

3.21

9.5

CNs, coordination numbers; R, bonding distance; σ2, Debye-Waller factor; ΔE0, inner
potential shift. Errors in the fitting parameters are CN ± 20%, R ± 0.02 Å, σ2 ±20%, and
ΔE0 ±3.0.
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Table S7.2. Structural parameters of the M1Pt1/NCNS (M = Fe, Co, and Ni), foil, and
oxide references extracted from quantitative EXAFS curve-fittings at Co, Fe, and Ni K
edges.
σ2
Sample

Path

CNs

R (Å)

ΔE0

(10-3Å2)

(eV)

Co foil

Co-Co

12.0

2.49

6.1

6.9

Co3O4

Co-O

4.0

1.91

1.7

1.0

Co-O

2.0

1.98

3.3

Co1Pt1/NCNS

Fe foil

Fe2O3

Fe1Pt1/NCNS

2.2
Co-N

4.0

2.08

Fe-Fe

8.0

2.46

6.4

5.3

5.3

-6.0

Fe-Fe

6.0

2.85

Fe-O

6.0

1.93

10.0

Fe-O

2.2

1.95

2.0

Fe-N

4.2

2.02

2.9

12.0

2.48

6.1

7.4

6.0

2.05

4.2

-3.7

2.2

1.99

1.5

-4.2

Ni foil

Ni-Ni

NiO

Ni-O
Ni-O

2.1

Ni1Pt1/NCNS
Ni-N

4.2

2.11

2.5
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CNs, coordination numbers; R, bonding distance; σ2, Debye-Waller factor; ΔE0, inner
potential shift. Errors in the fitting parameters are CN ± 20%, R ± 0.02 Å, σ2 ±20%, and
ΔE0 ±3.0.
Table S7.3. The comparison of EXAFS Fitting results and the optimized model of
M1Pt1/NCNS (M = Co, Fe, and Ni).

Sample

EXAFS fitting
Path

Co-O

R(Å)

Fe1Pt1/NCNS

Fe-O
Fe-N

Ni-O

2.08

R(Å)

Co-O1

1.93

Co-O2

1.94

Co-N

2.11

Fe-O1

1.91

Fe-O2

1.92

Fe-N

2.13

Ni-O1

1.96

Ni-O2

2.00

Ni-N

2.15

1.95

2.02
1.99

Ni1Pt1/NCNS
Ni-N

Path

1.98

Co1Pt1/NCNS
Co-N

DFT

2.11
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Table S7.4. Calculated Bader charges of Co and two Cp rings of Co(Cp)2 in the gas
phase and absorption on Pt1/NCNS

In gas

@ Pt1/NCNS

Co

0.67

0.68

Cp1

-0.34

0.10

Cp2

-0.34

0.01
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Table S7.5. Calculated d-band center of metal atoms in M1-pyrrolic N4 catalysts. (unit:
eV)
Spin up

Spin down

Average

Fe1-pyrrolic N4

-1.97

0.07

-0.96

Co1-pyrrolic N4

-0.52

-1.56

-1.04

Ni1-pyrrolic N4

-1.38

-1.38

-1.38
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Chapter 8

8

Conclusion and future perspective

This chapter summarizes the conclusions and contributions of this thesis, as well as
personal statements and suggestions for future work.

8.1 Conclusion
The rapid consumption of fossil sources, perusing alternative energy sources such as
hydrogen is promising. Therefore, using suitable energy conversion technologies with high
energy efficiency and environmentally friendly byproducts is critically important. Among
them, PEMFC, a clean energy conversion device using alternative chemicals (H2, formic
acid, menthol…) as the energy source to produce electricity, and the byproducts are only
heat and water is attracted significant attention. The electrocatalyst used in PEMFCs is one
of the most important components. Although there are a lot of efforts have been devoted
to developing advanced electrocatalysts, the challenges remain and limited their practical
applications. Currently, the main challenges of electrocatalysts are: 1) the low stability of
electrocatalysts under harsh working conditions; 2) b) Low atomic utilization efficiency of
metals and high cost of noble metals.
This thesis work mainly focuses on the rational design of highly active and stable
electrocatalysts using ALD for improved performance in electrochemical reactions. A
series of experimental designs have been carried out in this thesis to synthesize
electrocatalysts with noble structure and high electrochemical performance, including
stabilization of Pt nanoparticles and design of single-atom catalysts (SACs). Different
physical characterizations were conducted to understand the electronic properties and local
structures of achieved catalysts. Furthermore, the nature of active sites of catalysts under
realistic reactions is investigated by in-situ/operando X-ray absorption spectroscopy
(XAS). In summary, this thesis focused on the design of electrocatalysts for high
electrocatalytic performance using ALD, physical characterizations, electrochemical
performance evaluation, and the understanding of underlying mechanisms. This study
provides a better understanding of the design of highly efficient catalysts, and it is believed
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that these novel strategies and characterizations could be beneficial for their future
applications.
Firstly, N-doped carbon nanotubes are decorated by TiO2 using ALD. Then the Pt
nanoparticles (NPs) are selectively deposited on the TiO2 islands. The enhanced electron
transfer between Pt and TiO2 leads to strong metal-support interactions (SMSIs). This
strong interaction promotes the stability of the Pt catalyst in the oxygen reduction reaction
(ORR). The high catalytic activity and stability of TiO2-Pt/NCNT catalysts indicated the
importance of SMSIs for the design of high-performance electrocatalysts.
A surface engineering method has been applied on the commercial Pt/C using Nb single
atom doping. Unlike the normal oxide coating, which could block the surface active sites,
the doped Nb single atoms modify the electronic properties of surface Pt atoms, which
shows much higher activity and stability than the pristine Pt/C in the ORR. XPS and
XANES demonstrate the strong electronic promotion between Nb single atoms and surface
Pt of NPs, which is the key factor for the enhanced catalytic performance. This study
demonstrates that the surface properties are critically important for electrocatalysis, using
single-atom doping and ALD could be one of the most suitable techniques to synthesize
the catalysts.
In order to achieve high-loading of SACs which have high atomic utilization efficiency,
high N content doped carbon nanosheets (NCNS) are developed as the substrate to achieve
high loading Pt SAC. By carefully controlling the ALD process, the loading of Pt is as high
as 2.0 wt%. The singly dispersed Pt1 atoms are confirmed by HAADF-STEM and XAS.
The Pt1/NCNS SAC is evaluated under HER and ORR, which shows different catalytic
performance from the corresponding Pt NPs. Furthermore, the nature of active sites of
Pt1/NCNS is investigated by in-situ/operando XAS. For the first time, we revealed that the
Pt single atoms still show a high unoccupied density of state of Pt 5d orbitals under HER,
while a stable PtOx is formed under ORR, which could suppress the adsorption and
activation of O2.
A general method to synthesize non-noble metal SACs is developed using pre-located
isolated atoms. After performing the M (M = Fe, Co, and Ni) ALD on pristine NCNS, the
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Fe, Co, and Ni NPs will form, while Fe, Co, and Ni single atoms are achieved after prelocating the Pt single atoms on the support. The co-existed M and Pt single atoms are
confirmed by HAADF-STEM and EXAFS. Further XANES simulation and EXAFS fitting
indicated the M SAs are in a general 2O2-M-N4 local structure. The achieved M1Pt1/NCNS
SACs are evaluated under HER and OER. The nature of M single atoms under HER is also
studied using in-situ/operando XAS. To the best of our knowledge, it is the first time that
the SACs are applied to methodology to fabricate SACs, shedding light on the single-atom
catalysis fields.

8.2 Contributions to this field
1. Stabilization of Pt electrocatalyst using nano oxide via ALD. In this thesis, we
demonstrate that the activity and stability of Pt electrocatalyst can be strongly enhanced
through strong metal-support interactions between Pt NPs and TiO2. The noble Pt-TiO2
structure is achieved using selective ALD and verifying the size of TiO2 to select the
most active catalyst. Moreover, we further use ALD to create the nano oxide nanocages
to enhance the stability of Pt electrocatalyst through the spatial confinement strategy.
These studies may open a general method to develop advanced electrocatalyst with high
stability by using oxide.
2. Surface engineering on Pt nanoparticles using single atom. In this thesis, Nb single
atoms are doped on the surface of Pt NPs using ALD. We demonstrate that the Nb single
atoms enhance the electron transfer between surface Pt and Nb atoms. This strong
electronic promotion leads to both the higher catalytic activity and stability in oxygen
reduction reaction than that of pristine Pt/C catalyst. This study reveals that the surface
engineering method using single atoms is very promising to achieve highly efficient
electrocatalysts.
3. Synthesis of high-loading SAC and unveiling the nature of active site during
electrochemical reactions. In this thesis, we successfully achieved high-loading Pt
single atoms on high N content carbon nanosheets. We demonstrate the amount of N
sites is critical to increasing the loading of single atoms. Moreover, in-situ/operando
XAS was carried out for a deep understanding of the nature of the active site under HER
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and ORR. The results obtained in this study indicated that the real chemical state of
single atoms under realistic reaction differs from the ex-situ characterization results,
which provide new sights into the single-atom catalysis for future study.
4. Extend the application of SACs to methodology: using isolated atoms to synthesize
SACs. In this thesis, for the first time, we demonstrate that the pre-located Pt single
atoms are critical to achieving Co single atoms. This method is general and can achieve
Fe and Ni single atoms as well. Theoretical calculations indicated the Pt1 atoms lower
the dissociation energy of Co precursors thus leading to a strong chemical binding and
higher deposition efficiency. Further, the nature of Fe, Co, and Ni single atoms under
HER are investigated using in-situ/operando XAS. In this study, for the first time, we
extend the application of SACs to the fabrication methodology, which provides
important guidance for future research on the design of advanced SACs.
Overall, in this thesis, we first synthesize stable Pt-TiO2 electrocatalyst for ORR using
selective ALD. And then we also use the ALD to deposit Nb single atoms to enhance
the activity and stability of the Pt electrocatalyst. We further achieve serval types of
SACs using ALD and the nature of active sites under realistic electrochemical reactions
are studied using in-situ/operando XAS. The results of this thesis can provide important
guidance for the better design and understanding the electrocatalysts.

8.3 Perspectives
The development of electrocatalysts is important for energy conversion technologies.
Significant efforts have been devoted to designing highly active and stable electrocatalysts.
However, the electrocatalysts are far behind for practical applications due to their low
catalytic activity, stability, and atomic utilization efficiency. These challenges are remained
to be addressed. Herein, we propose potential directions and perspectives for this fields:
1.

Better selection of robust supports with strong interactions with metal
nanoparticles. Most of the supports used in electrocatalysts are carbon-based
materials due to their high surface area and high conductivity. However, under low
pH value electrolyte and high working potentials, carbon corrosion occurs, which
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leads to the reduced active sites after the long-term stability test. Even worse, the metal
nanoparticles have very weak interactions with the carbon substrate, which will result
in the metal nanoparticles aggregation and detachment. Therefore, better choices on
selecting robust supports with high corrosion resistance and strong interactions with
the metal NPs are important to address these issues. The N-doped carbon materials
show promising applications in these fields. The N atoms not only enhance the
catalytic from the electronic promotion but also strengthen the stability of metal NPs
through strong interactions. Although the N-doped carbon materials are promising
materials for electrocatalysts, other dopants are lack investigations, such as S, and P,
which also have lone pair electrons and suppose to have strong interactions with the
metal NPs.
2.

Deeper understanding nature of active sites under realistic reactions using insitu/operando techniques. Ex-situ characterizations have been widely applied on
metal-support electrocatalysts for understanding their electronic properties and local
structures. However, these results are normally achieved under ambient conditions
which differ from the realistic reaction environment. As a result, the nature of active
sites of catalysts under reactions is still ambiguous. Therefore, the in-situ/operando
characterization techniques are required to address these issues. For example, using
in-situ/operando XAS during the electrochemical reactions, the dynamic changes of
electronic properties and local structures can be well observed, which are helpful for
better understanding the reaction mechanism. In-situ TEM also helps to directly
observe the morphology changes during reactions, which is beneficial to have a
comprehensive understanding of the aggregation of metal nanoparticles under the
reaction atmosphere. These in-situ/operando techniques are important and provide the
guideline to design advanced electrocatalysts.

3.

Design of highly efficient atomic electrocatalyst
In the past years, the SACs are attracted considerable attention due to their superior
catalytic performance. However, the SACs still suffer some challenges, such as that
SACs cannot catalyze some reactions. The SACs not only have the maximum atomic
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utilization efficiency but also have the highest metal-support interfaces. Therefore,
modification on the proximity sites or the neighboring sites of single atoms could
promote electronic properties. Very recently, some dimers have shown superior
catalytic activity in dehydrogenation reaction and electrochemical reactions. However,
most of the dimers are homo-paired dimers, the dimer with different elements are
rarely reported. Developing highly active and stable heterodimers could be one of the
best ways to solve the above issues. Moreover, rather than dimers, the catalyst with
several types of single atoms is also promising for future applications. Due to the
different catalytic properties of single atoms with different elements, a tandem catalyst
is achieved, for example, the Co single atoms are highly active for HER, Ni single
atoms are active for OER. Combine these two types of single atoms together, this
catalyst is suitable for the overall water splitting reaction.

209

Appendices
Appendix A: Permission from John Wiley and Sons for Published Article on Carbon
Energy
Carbon Energy journal Copyright Policy:
(https://onlinelibrary.wiley.com/terms-and-conditions)

Published papers:
Junjie Li, Lei Zhang, Kieran Doyle-Davis, Ruying Li, Xueliang Sun. Recent advances
and strategies in the stabilization of single-atom catalysts for electrochemical applications.
Carbon Energy, 2 (2020) 488-520.

210

Appendix B: Permission from John Wiley and Sons for Published Article on Small.

Published papers.
Junjie Li, Mohammad Norouzi Banis, Zhouhong Ren, Keegan R. Adair, KieranDoyleDavis, Debora Motta Meira, Y. Zou Finfrock, Lei Zhang, Fanpeng Kong, TsunKongSham, Ruying Li, Jun Luo, and Xueliang Sun. Unveiling the Nature of Pt SingleAtom Catalyst during Electrocatalytic Hydrogen Evolution and Oxygen Reduction
Reactions. Small 17 (2021) 2007245

211

Curriculum Vitae
Name:

Junjie Li

Post-secondary
Education and
Degrees:

Nanjing Agricultural University
Nanjing, Jiangsu, China
2010-2014 B.A.
University of Science and Technology of China
Hefei, Anhui, China
2014-2017 M.A.
The University of Western Ontario
London, Ontario, Canada
2017-2021 Ph.D.

Honours and
Awards:

China Scholarship Council (CSC) Scholarship
2017-2021

Related Work
Experience

Research Assistant
The University of Western Ontario
2017-2021

Publications:
Publications: (A) Peer-reviewed Journal Papers and Book Chapters Based on This Thesis
(First Author)
1. Junjie Li, Lei Zhang, Kieran Doyle-Davis, Ruying Li, Xueliang Sun. Recent Advances
and Strategies in the Stabilization of Single-Atom Catalysts for Electrochemical
Applications. Carbon Energy, 2 (2020) 488-520.
2. Junjie Li, Mohammad Norouzi Banis, Zhouhong Ren, Keegan R. Adair, KieranDoyleDavis, Debora Motta Meira, Y. Zou Finfrock, Lei Zhang, Fanpeng Kong, TsunKongSham, Ruying Li, Jun Luo, and Xueliang Sun. Unveiling the Nature of Pt SingleAtom Catalyst during Electrocatalytic Hydrogen Evolution and Oxygen Reduction
Reactions. Small 17 (2021) 2007245
3. Junjie Li, Yafei Jiang, Qi Wang, Cong-Qiao Xu, Mohammad Norouzi Banis, Keegan
R. Adair, Kieran Doyle-Davis, Debora Motta Meira, Y. Zou Finfrock, Weihan Li, Lei

212

Zhang, Tsun-Kong Sham, Ruying Li, Ning Chen, Meng Gu, Jun Li, Xueliang Sun. A
General Strategy for Preparing Pyrrolic-N4 Type Single-Atom Catalysts via Pre-located
Isolated Atoms. To be submitted.
4. Junjie Li, Lei Zhang, Mohammad Norouzi Banis, Yang Zhao, Kieran Doyle-Davis,
Fanpeng Kong, Ruying Li, and Xueliang Sun. Enhanced Catalytic Activity and Stability
from Metal-Support Interaction for Pt Electrocatalyst in Oxygen Reduction Reaction
through Atomic Layer deposition. To be submitted.
5. Junjie Li, Yipeng Sun, Kieran Doyle-Davis, Ning Chen, Weifeng Chen, Lei Zhang,
Ruying Li and Xueliang Sun. Surface Engineering on the Pt Electrocatalyst by Nb Single
Atoms for Enhanced Performance in Oxygen Reduction Reaction. To be submitted.
6. Junjie Li, Lei Zhang, and Xueliang Sun. Recent Progress and Perspectives of MultiAtoms Isolated Atomic Catalysts. To be submitted.
7. Lei Zhang*, Junjie Li*, Kieran Doyle-Davis and Xueliang Sun. Progress and
Perspective of Single-Atom Catalysts for Fuel Cell Applications. To be submitted.
8. Lei Zhang*, Xulei Sui*, Junjie Li*, Kieran Doyle-Davis and Xueliang Sun*PEMFC
Characterization and Modelling - Current Trends and Challenges. To be submitted.

(B) Peer-reviewed Journal Papers Related to This Thesis (Co-author)
9. Lei Zhang, Qi Wang, Rutong Si, Zhongxin Song, Xiaoting Lin, Mohammad Norouzi
Banis, Keegan Adair, Junjie Li, Kieran Doyle-Davis, Ruying Li, Li-Min Liu, Meng Gu,
Xueliang Sun. Small, (2021) 2004453.
10. Sixu Deng, Qian Sun, Minsi Li, Keegan Adair, Chuang Yu, Junjie Li, Weihan Li,
Jiamin Fu, Xia Li, Ruying Li, Yongfeng Hu, Ning Chen, Huan Huang, Li Zhang,
Shangqian Zhao, Shigang Lu, Xueliang Sun. Energy Storage Mater., 35 (2021) 661-668.
11. Feipeng Zhao, Yang Zhao, Jian Wang, Qian Sun, Keegan Adair, Shumin Zhang, Jing
Luo, Junjie Li, Weihan Li, Yipeng Sun, Xiaona Li, Jianwen Liang, Changhong Wang,
Ruying Li, Huan Huang, Li Zhang, Shangqian Zhao, Shigang Lu, Xueliang Sun. Energy
Storage Mater., 33 (2020) 139-146.

213

12. Xiaofei Yang, Ming Jiang, Xuejie Gao, Danni Bao, Qian Sun, Nathaniel Holmes, Hui
Duan, Sankha Mukherjee, Keegan Adair, Changtai Zhao, Jianwen Liang, Weihan Li,
Junjie Li, Yang Liu, Huan Huang, Li Zhang, Shigang Lu, Qingwen Lu, Ruying Li,
Chandra Veer Singh, Xueliang Sun. Energy Environ. Sci., 13 (2020) 1318-1325.
13. Yipeng Sun, Maedeh Amirmaleki, Yang Zhao, Changtai Zhao, Jianneng Liang,
Changhong Wang, Keegan R Adair, Junjie Li, Teng Cui, Guorui Wang, Ruying Li, Tobin
Filleter, Mei Cai, Tsun-Kong Sham, Xueliang Sun. Adv. Energy Mater., 10 (2020)
2001139.
14. Xulei Sui, Lei Zhang, Junjie Li, Kieran Doyle-Davis, Ruying Li, Zhenbo Wang,
Xueliang Sun. J. Mater. Chem. A, 8 (2020) 16582-16589.
15. Zhongxin Song, Ya-Nan Zhu, Hanshuo Liu, Mohammad Norouzi Banis, Lei Zhang,
Junjie Li, Kieran Doyle-Davis, Ruying Li, Tsun-Kong Sham, Lijun Yang, Alan Young,
Gianluigi A Botton, Li-Min Liu, Xueliang Sun. Small, 16 (2020) 2003096.
16. Jianwen Liang, Ning Chen, Xiaona Li, Xia Li, Keegan R Adair, Junjie Li, Changhong
Wang, Chuang Yu, Mohammad Norouzi Banis, Li Zhang, Shangqian Zhao, Shigang Lu,
Huan Huang, Ruying Li, Yining Huang, Xueliang Sun. Chem. Mater., 32 (2020) 26642672.
17. Xiaona Li, Jianwen Liang, Keegan R Adair, Junjie Li, Weihan Li, Feipeng Zhao,
Yongfeng Hu, Tsun-Kong Sham, Li Zhang, Shangqian Zhao, Shigang Lu, Huan Huang,
Ruying Li, Ning Chen, Xueliang Sun. Nano lett., 20 (2020) 4384-4392.
18. Weihan Li, Minsi Li, Junjie Li, Jianneng Liang, Keegan R Adair, Yongfeng Hu,
Qunfeng Xiao, Xiaoyu Cui, Ruying Li, Frank Brandys, Ranjith Divigalpitiya, Tsun-Kong
Sham, Xueliang Sun. ACS Appl. Nano Mater. 3 (2020) 7508-7515.
19. Fanpeng Kong, Zhouhong Ren, Mohammad Norouzi Banis, Lei Du, Xin Zhou,
Guangyu Chen, Lei Zhang, Junjie Li, Sizhe Wang, Minsi Li, Kieran Doyle-Davis, Yulin
Ma, Ruying Li, Alan Young, Lijun Yang, Matthew Markiewicz, Yujin Tong, Geping Yin,
Chunyu Du, Jun Luo, Xueliang Sun. ACS Catal., 10 (2020) 4205-4214.

214

20. Lei Zhang, Yang Zhao, Mohammad Norouzi Banis, Keegan Adair, Zhongxin Song,
Lijun Yang, Matthew Markiewicz, Junjie Li, Sizhe Wang, Ruying Li, Siyu Ye, Xueliang
Sun. Nano Energy, 60 (2019) 111-118.
21. Lei Zhang, Rutong Si, Hanshuo Liu, Ning Chen, Qi Wang, Keegan Adair, Zhiqiang
Wang, Jiatang Chen, Zhongxin Song, Junjie Li, Mohammad Norouzi Banis, Ruying Li,
Tsun-Kong Sham, Meng Gu, Li-Min Liu, Gianluigi A Botton, Xueliang Sun. Nat.
Commun., 10 (2019) 1-11.
22. Lei Zhang, Hanshuo Liu, Sihang Liu, Mohammad Norouzi Banis, Zhongxin Song,
Junjie Li, Lijun Yang, Matthew Markiewicz, Yang Zhao, Ruying Li, Matthew Zheng,
Siyu Ye, Zhi-Jian Zhao, Gianluigi A Botton, Xueliang Sun. ACS Catal., 9 (2019) 93509358.
23. Zhongxin Song, Mohammad Norouzi Banis, Hanshuo Liu, Lei Zhang, Yang Zhao,
Junjie Li, Kieran Doyle-Davis, Ruying Li, Shanna Knights, Siyu Ye, Gianluigi A Botton,
Ping He, Xueliang Sun. ACS Catal., 9 (2019) 5365-5374.
24. Fanpeng Kong, Sihang Liu, Junjie Li, Lei Du, Mohammad Norouzi Banis, Lei Zhang,
Guangyu Chen, Kieran Doyle-Davis, Jianneng Liang, Sizhe Wang, Feipeng Zhao, Ruying
Li, Chunyu Du, Geping Yin, Zhijian Zhao, Xueliang Sun. Nano Energy, 64 (2019) 103890.
25. Fanpeng Kong, Mohammad Norouzi Banis, Lei Du, Lijie Zhang, Lei Zhang, Junjie Li,
Kieran Doyle-Davis, Jianneng Liang, Qingsong Liu, Xiaofei Yang, Ruying Li, Chunyu Du,
Geping Yin, Xueliang Sun. J. Mater. Chem. A, 7 (2019) 24830-24836.
26. Sixu Deng, Biqiong Wang, Yifei Yuan, Xia Li, Qian Sun, Kieran Doyle-Davis,
Mohammad Norouzi Banis, Jianneng Liang, Yang Zhao, Junjie Li, Ruying Li, Tsun-Kong
Sham, Reza Shahbazian-Yassar, Hao Wang, Mei Cai, Jun Lu, Xueliang Sun. Nano Energy,
65 (2019) 103988.

(C) Previous Publications Before Join UWO
27. Junjie Li, Qiaoqiao Guan, Hong Wu, Wei Liu, Yue Lin, Zhihu Sun, Xuxu Yxe,
Xusheng Zheng, Haibin Pan, Junfa Zhu, Si Chen, Wenhua Zhang, Shiqiang Wei, Junling
Lu. J. Am. Chem. Soc., 141 (2019) 14515-14519

215

28. Junjie Li, Wei Chen, Han Zhao, Xusheng Zheng, Lihui Wu, Haibin Pan, Junfa Zhu,
Yanxia Chen, Junling Lu. J. Catal. 352, (2017) 371-381
29. Chunlei Wang, Qi Yao, Lina Cao, Junjie Li, Si Chen, Junling Lu. J. Phys. Chem. C,
123 (2019) 29262-29270.
30. Xiaohui Huang, Huan Yan, Li Huang, Xiaohui Zhang, Yue Lin, Junjie Li, Yujia Xia,
Yanfu Ma, Zhihu Sun, Shiqiang Wei, Junling Lu. J. Phys. Chem. C, 123 (2018) 79227930.
31. Huan Yan, Yue Lin, Hong Wu, Wenhua Zhang, Zhihu Sun, Hao Cheng, Wei Liu,
Chunlei Wang, Junjie Li, Xiaohui Huang, Tao Yao, Jinlong Yang, Shiqiang Wei, Junling
Lu. Nat. Commun., 8 (2017) 1-11.
32. Chunlei Wang, Xiang-Kui Gu, Huan Yan, Yue Lin, Junjie Li, Dandan Liu, Wei-Xue
Li, Junling Lu. ACS Catal., 7 (2017) 887-891.
33. Xiaohui Huang, Yujia Xia, Yuanjie Cao, Xusheng Zheng, Haibin Pan, Junfa Zhu, Chao
Ma, Hengwei Wang, Junjie Li, Rui You, Shiqiang Wei, Weixin Huang, Junling Lu, Nano
Res., 10 (2017) 1302-1312.
34. Chunlei Wang, Xiang-Kui Gu, Huan Yan, Yue Lin, Junjie Li, Dandan Liu, Wei-Xue
Li, Junling Lu. J. Phys. Chem. C, 120 (2016) 478-486.
35. Huan Yan, Hao Cheng, Hong Yi, Yue Lin, Tao Yao, Chunlei Wang, Junjie Li,
Shiqiang Wei, Junling Lu. J. Am. Chem. Soc., 137 (2015) 10484-10487.

